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ABSTRACT 
A Schottky spectrum shows the beam fluctuation signals observed via a pick-up 
electrode in absence of external excitation. The "beam transfer function" (BTF) is 
defined as the beam response to an external RF excitation signal acting on the beam. 
The present paper describes a Schottky and BTF measurement system developed at the 
Low Energy Antiproton Ring (LEAR, CERN) and at the Cooler Synchrotron (COSY, 
Forschungszentrum Jillich). In addition to the measurement system software has been 
developed to simulate Schottky spectra, BTF measurements and instability limits for both 
machines. These theoretical results are used for the interpretation of experimental data 
taken with beams of high phase space density at LEAR and at the new machine COSY. 
From BTF measurements the total impedance of the beam environment at both machines 
is calculated, the strengths of the transverse LEAR feedback system and the stochastic 
cooling system are determined, conditions for beam stability at LEAR and COSY are 
analysed and the true momentum distribution is reconstructed in spite of the strong signal 
shielding in the dense, cooled beams. 
Furthermore a BTF analysis method is developed, which gives a powerful tool to control 
the strength of the excitation signal and to enhance the quality of the measurement 
results. The procedure is called time gating and is known in network analysis. 
Application of the time gating technique to BTF measurements is discussed and its 
advantages are shown both theoretically and through the measurement 
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The spectra of statistical current fluctuations of coasting beams in storage rings are 
known as the Schottky noise signals. They were first observed in the proton machine ISR 
(CERN) and have been extensively used since 1972. Meanwhile the analysis of these 
signals has become a standard diagnostics technique in circular accelerators. The 
Schottky signals are relatively easy to interpret if one works far enough from the 
threshold of instabilities. This was usually the case in the more classical machines but is 
no longer valid for modem cooler rings. 
The transverse Schottky signals give a tool to measure the transverse density distribution 
of the particle beam, to determine the tune and the chromaticity and to monitor the 
transverse beam dimensions (emittances etc.). 
Longitudinal Schottky noise spectra of coasting beams directly yield the momentum 
distribution of the particles. 
Beam particles interact via direct space charge fields and through the electromagnetic 
fields induced in the walls of the vacuum chamber and the environment surrounding the 
beam. When a small coherent beam disturbance occurs longitudinal and transverse 
electromagnetic fields are induced, which will perturb the particle trajectory through the 
Lorentz forces. These fields trail behind the emitting particles and this explains the name 
"wake field" [l, 2). The fields, and in tum the beam perturbation, can "self amplify" each 
other such that an instability occurs resulting into beam degradation and loss. 
The environment surrounding the beam not only consists of a smooth stainless steel 
vacuum pipe but comprises also ceramic and ferrite structures built inside the vacuum 
chamber (i.e. injection and ejection kickers, cooling pick-ups and kickers), along with 
some other elements or irregularities such as clearing electrodes, bellows, pipe 
discontinuities, etc. These complex geometrical wall configurations with different 
material properties are responsible for generating non-uniform fields which can all 
contribute all to the coherent beam instability [3]. 
The beam environment may be characterised by a longitudinal and transverse impedance. 
Transversely the beam starts a coherent oscillatory motion around its equilibrium orbit. 
Because of the resistivity of the walls, these forces may have such a phase as to reinforce 
the oscillations and lead to instabilities. This phenomenon is called transverse resistive 
wall instability. The space charge impedance for example will create a tune shift in the 
single particle betatron motion, which can increase the transverse beam size and even 
result in an instability as well. 
Similarly the longitudinal impedance leads to self induced longitudinal motions of the 
circulating particles, which can be seen by a pick-up as a current density modulation of 
the beam and may give rise to instabilities. 
1 
IA] INTRODUCTION 
Beam instabilities were encountered early in the history of accelerators and colliders. 
Beyond certain beam density thresholds the space charge tends to blow up or destroy 
the beam. 
Fortunately, stabilising mechanisms exist. Whenever the unwanted motion of the beam 
can be detected at an early stage of its growth by suitable detectors, active feedback 
damping can be applied. Also, below a certain threshold of intensity the beam is 
naturally stabilised by the spread in the oscillation frequencies of individual particles: this 
mechanism is called "Landau damping" [4]. 
The theory of instabilities is well established. However, the complex nature of the beam 
and the beam environment make it difficult to make an accurate estimate of the wall and 
beam properties that enter into the theory. 
Apart from coherent instabilities where collective oscillations of the beam centre or the 
beam shape grow exponentially due to interaction with surrounding structures one has 
to worry about incoherent effects which tend to destroy a high density beam. An 
example are the reduction of the focusing due to the space charge potential of the beam 
driving individual particles into betatron resonances or Coulomb (intra beam) scattering 
between particles of the same beam, an effect which can increase the longitudinal and 
transverse energy spread [5, 6]. 
Both, coherent and incoherent phenomena depend on the beam density. They can thus 
become especially important in cooled beams. If one regards cooling and instability 
separately, the instability is supposed to start once the cooling has brought the density 
beyond the corresponding threshold value, when the growth rates are much faster than 
the cooling rate. In the opposite extreme one can assume that the cooling system 
stabilises the beam. 
The development of stochastic and electron cooling and, most recently, of laser cooling 
has lead to high phase space densities in the longitudinal as well as the transverse 
direction. It is therefore important to measure the beam and the beam environment 
properties relevant for stability in a storage- and especially in a cooler ring. 
There are two basically different ways of observing a beam in an accelerator: a passive 
one in which the observer does not disturb the beam (or at least produces the smallest 
possible disturbance by means of an antenna which picks up only a tiny fraction of the 
beam energy) and an active one in which he deliberately excites the beam to record its 
response. 
Schottky spectra pertain to the first category, while beam transfer function (BTF) 
measurements illustrate the second one. 
The beam transfer function is defined as the response of a beam to a small longitudinal 
or transverse excitation. If the strength of the exciting signal is low enough, the 
measurements have a negligible effect on the beam quality. The BTF reveals phenomena 
such as Landau damping, the coupling impedance, active feedback systems, non-linear 
resonances and the cooling action systems. 
The contribution of each phenomenon can be extracted from the BTF. The early theory 
was formulated by L. J. Lasslet, V. K. Neil and A. M. Sessler [7] and D. Mohl [5]. Later 
it was refined by K. Hilbner, A. G. Ruggiero and V. Vaccaro [8], E. Jones [9], B. Zotter 
[IO], A. Hoffmann and collaborators, more recently by V. Parkhomchuk and D. 
Pestrikov and by I. Hoffmann and co-workers at the GSI Darmstadt. 
2 
Motivation IAI 
As long as the influence of the coupling impedance is small and no feedback system is 
present the analysis of the BTF is straight forward. Important beam and machine 
parameters can be obtained directly from the measurement, such as the momentum 
distribution, the tune, the chromaticity and emittance in much the same way as from the 
Schottky noise measurements. BTF measurements are therefore an important and 
powerful tool for the diagnostics of coasting particle beams, complementary to Schottky 
diagnostics and superior in situations where the Schottky noise is weak. 
Effective cooling leads to the boundaries of longitudinal and transverse stability, in 
which case the consistent interpretation of the data of Schottky noise and BTF 
measurements is not straight forward [11]. In fact the Schottky spectra and the BTF of 
cooled beams are strongly distorted due to the coupling impedance. Then the 
simultaneous measurement of both is necessary to determine e. g. the coupling 
impedance and the momentum spread. 
The effect of the coupling impedance manifests itself by a shift of the response in the so-
called stability diagram, which represents the inverse of the BTF in the complex plane. 
For any given value of the shift (which corresponds to a certain impedance vector) the 
corresponding momentum distribution can be calculated from the BTF. By comparison 
with the distribution calculated from the longitudinal Schottky measurement a value for 
the coupling impedance can be found. The Schottky spectrum and the BTF in absence of 
any impedance can thus be reconstructed. This (reconstructed and non-distorted) 
response can then be directly used to obtain the beam and machine parameters 
mentioned above - even for beams affected by a strong coupling impedance, in the 
presence of feedback systems and cooling effects. 
BTFs have already been measured with coasting beams in different storage rings. 
Measurement results were presented for example by the CERN ISR group [12], by the 
ESR team at the GSI Darmstadt [13, 14] and by scientists at the FERMILAB Main Ring 
[ 15). Two cooling mechanisms at the CERN low energy antiproton ring LEAR and at 
the cooler synchrotron COSY at the Forschungszentrum Jiilich give the possibility to 
perform BTF measurements with beams of very high density at low momenta. An 
electron cooler is installed in both machines and a stochastic cooling system is 
implemented in LEAR (together with a transverse active feedback system) and foreseen 
for COSY. This offers a perfect environment to investigate the cooling effect on BTF 
measurements. 
Based on these considerations a BTF measurement system has been built for the COSY 
machine. The BTF measurement set-up at LEAR has been improved by automising the 
data taking and the read out. Software has been developed to simulate Schottky spectra, 
BTF measurements and instability limits for both machines. These theoretical results 
have been used for the interpretation of experimental data taken with strongly cooled 
beams at LEAR and with beams at the new machine COSY. 
Analysis of the longitudinal beam signals at COSY have shown that the beam is excited 
by noise at the gap of the RF cavity. Therefore no longitudinal Schottky signals can be 
observed during normal machine operation. The only tool to monitor the momentum 
distribution are longitudinal BTF measurements, which can be corrected using an 
estimate value for the coupling impedance. Transverse BTF measurements at COSY at 
injection energy have shown a non-linear chromaticity contribution. An absolute value 
for the linear chromaticity in the centre of the beam distribution is estimated. The 
transverse coupling impedance is determined in the low frequency region. 
3 
IAI INTRODUCT10N 
1.2 A new BTF analysis method 
The power of the exciting signal during a BTF measurement has to be controlled very 
carefully in order to affect the circulating beam as little as possible. On the other hand a 
small beam excitation leads to a low signal to noise ratio in the BTF measurement. A 
compromise between a clean BTF signal and a weak beam excitation had therefore to be 
found. · 
In this work an analysis technique was developed, which enhances the quality of the 
response despite of a poor signal to noise ratio due to a weak excitation. The procedure 
is called time gating and is known from network analysis. In order to apply the time 
gating technique to BTF measurements special software routines had to be written. 
The time gating procedure separates the beam response signal correlated with the 
excitation signal from non-correlated noise. To this end the signal is transformed into 
time domain where it corresponds to the beam response to a delta pulse excitation plus 
noise. The delta pulse response decays rapidly. By gating out the long tail due to noise 
and then transforming the data back into frequency domain one obtains a clean BTF 
signal. 
The remaining part of the time response, which contains information on beam and 
system noise (pick-up, amplifiers etc.) can be analysed in a similar way. Measurements 
at LEAR and COSY have shown that the beam noise is the dominating noise source in 
the longitudinal measurements at these machines and that this signal corresponds to the 
Schottky noise of the noQ-excited beam. 
The time gating procedure was used to compare the shape of the beam noise spectrum 
extracted from the BTF measurement with a Schottky signal measured directly before or 
after the BTF measurement. If the excitation strength is low enough both spectra should 
be equivalent If a discrepancy between the two spectra is found this may indicate a too 
strong excitation causing a change in the momentum distribution during the data taking 




THEORY OF NOISE AND TRANSFER FUNCTIONS 
OF COASTING BEAMS 
2.1 Schottky and BTF signals neglecting collective effects 
2.1.1 Schottky signals 
Longitudinal Schottky signals 
For a single particle circulating in the machine (charge e, revolution period T; = 1 If;), 
the beam current, at a given location in the ring, is composed of an infinite train of delta 
pulses separated in time by 'Ji [ 16]. In frequency domain, this periodic wave form is 
represented by a line spectrum, the distance between the lines being f; =CO;/ 27t . The 
total current is then given by 
(2.1) 
--
where t; is given by the azimuthal position of the i-th particle in the beam and 
determined by the initial conditions. 
Using a spectrum analyser, which looks at positive frequencies only this can be written 
as: 
+-
I;(t) = e f; + 2 e f; 2,cos(n CO; t) (2.2) 
n=l 
The first tenn represents the DC component, the others are simply the successive 
harmonics of the revolution frequency. 
For N particles, randomly distributed in azimuth along the ring circumference and having 
slightly different CO; , each line at frequency n f; , which is infinitely narrow in the case of 
a single particle, will be replaced by a band of frequencies (Schottky band) whose width 
IS 




IKJ THEORY OF NOISE AND TRANSFER FUNCTIONS OF COASTING BEAMS 
The spread ll.f in the particle revolution frequencies results from the relative momentum 
spread llp Ip, with fo being the average revolution frequency, 'Y the relativistic mass 
factor and T} the "off momentum parameter" of the machine, which is defined as 
Tl = (1 / y; - l / y2 ) (2.4) 
. 
The momentum compaction factor a = 11 y: entering 11 is given by the transition energy 
'Y, of the ring. 
When averaging equation 2.2 over N particles, only the DC terms remain 
(/DC = N e f0), the other components cancel due to the random azimuth phase factor 
nro1t1 • However, the r.m.s. current per band is given by the sum 
with 91 = n ro1 (t- t1) • The mixed terms ( cos(0; )· cos(0 i)) vanish for i ~ j, whereas the 
( cos2 (9;)) terms yield a finite signal contribution. One obtains with initial phases ro;t; 
randomly distributed in a coasting beam 
/,,,., = ~(12 ) = 2 e fo ~N (cos2 (9;)) = 2 e fo ~ (2.6) 
This noise like current, with an intensity proportional to the square root of the particle 
number appears on a beam current pick-up and leads to a total power per band given by 
p oc 12 = 2 e2 "2 N 
""' ""' J 0 
(2.7) 
(figure 2.1). The r.m.s. current (called Schottky current) and hence the total power P,,,., 
per band are independent of the harmonic number n. 
The power density P0 ( CJl) inside the band is proportional to P,,,., I ll.fn. Consequently it 
decreases with n until overlap of adjacent bands occurs (llfn > fo ). The power density is 
proportional to the number of particles per unit frequency 'If ( CJl). If the parameter 11 is 
known, the measurement of the power density in one particular Schottky band gives the 
shape of the momentum distribution '\jf(p) of the beam. 
This fonns the basis of the momentum distribution measurement in coasting beam 
machines (cooling and accumulation rings in particular). 
6 
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CENTRE 41.5635MHl SPAN 157.5kHz 
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Transverse Schottky signals 
Figure 2.1: Longitudinal Schottky 
cu"ent density spectrum at the 20th 
harmonic, measured with 3. 9·109 
antiprotons at a momentum of 609 
MeV/cinLEAR(f0 =2.078 MHz). The 
spectrum indicates a nearly Gaussian 
momentum distributjon of the 
circulating particles. From the width of 
the measured signal (measured at half 
height of the maximum) follows a full 
width of the particles momentum 
distribution of about ll.p I p = 4. 7 · 10-4. 
A position pick-up samples the dipole moment d;(t) = x;(t) l;(t) of each circulating 
particle (where X;(t) is the transverse displacement) instead of the beam current l;(t) 
seen on a longitudinal pick-up. The ;th particle executes a sinusoidal betatron oscillation 
of amplitude X; at the pick-up. To work out the pick-up signal this oscillation can be 
written as 
(2.8) 
Here q; ro;/27t is the observed frequency at a fixed location in the ring, q; being the non 
integer part of the betatron tune and t; is again given by the initial location of the i-th 
particle in the ring. For a short pick-up any oscillation with Q;ro; = (integer+ q;) ro; will 
give the same signal as equation 2.8. Using equation 2.1 for l;(t) the dipole moment is 
then given by 
-d;(t)=x; cos[q; W; (t-t;)+cp;] ·e f; I,e"'fl)·(I-•,> (2.9) 
11•--
and with f; = fo: d,(t) = x, e lo Re{l'.f1'~"'°"'_.,,..,]} (2.10) 
As in the longitudinal plane the spectrum is a series of lines spaced by the revolution 
frequency of the ;th particle, but shifted in frequency by q;f; . The spectrum analyser 
looks at positive frequencies only and one obtains two betatron lines per revolution 
frequency band (located at n f; ± q;f;) as in the case of an amplitude-modulated carrier 
which exhibits two symmetrical sidebands. 
7 
CQJ THEORY OF NOISE AND TRANSFER FUNCTIONS OF COASTING BEAMS 
For N particles in the beam, again randomly distributed in azimuth and in betatron phase, 
averaging equation 2.10, for a given value of (n±q;)=(n±q0 ) yields 
(d}=O (2.11) 
and (2.12) 
The total power per Schottky band is again independent of its location in the frequency 
spectrum; it is proportional to the number of particles in the beam and to the square of 
the r.m.s. oscillation amplitude. 
Each Schottky band has now a finite width which results from the spread of revolution 
frequencies ll.f = - lo Tl ll.p I p and from the spread of betatron frequencies ll.q . The 
latter usually comes from the machine chromaticity l; : 
ll.q=Q; fl.pl p (2.13) 
with Q being the betatron tune of the machine. An additional q-spread may also result 
from non-linear effects (like octupole lenses, space charge, beam-beam interaction etc.), 
which introduce an amplitude dependence of the betatron frequencies. 
The width of two adjacent Schottky bands (n ± q0 ) of a beam with an average machine 
tune q0 (as shown in figure 2.2) is given by 
(2.14) 
ll.f,,: = lo ll.p [ ±Q ;- (n ± q0 >ri] (2.15) p 
where equation 2.15 holds, if only the chromaticity contributes to the betatron frequency 
spread. Thus, by comparing the width of the two bands (n ± q0 ) , one can determine the 
ll.q and ; of the beam. The latter can be observed with more precision from 
measurements at small harmonic numbers n. If one can identify points in the two bands 
that correspond to particles with the same revolution frequency on the distribution 




of being the measured frequency difference between such points (figure 2.3). 
Comparing the transverse and longitudinal signals (equations 2.6 and 2.12) gives a direct 
measure of the r.m.s. amplitude of the betatron motion: 
8 
Schottky and BTF signals neglecting collective effects I I\_ I 
d x ~ = -.!:!!!:!. 
l ,,,n.s 2 
(2.17) 
Equation 2.17 can be used to measure directly the transverse beam emittance. Thi!i 
obviously requires well calibrated longitudinal and transverse detectors to measure 
accurately dr.m.s and lrm.s unless only relative measurements are sought 
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Figure 2.2: Horizontal Schottky 
cu"ent density spectrum near the 
JOOth harmonic, measured with 
3. 9 · 109 anti protons at a momentum of 
609 MeV/c in LEAR (f0 = 2.078 
MHz). The spectrum shows the two 
sidebands located at (100 ± %) fo (the 
horizontal betatron tune is Q0 = 2.31 ). 
The beam is not well centred in the 
pick-up. This causes a signal 
contribution at each harmonic of the 
revolution frequency (see small peak in 
the middle of the spectrum). 
Figure 2.3: The local tune value q can be calculated from the transverse Schottky 
spectrum, if the frequencies can be identified in both sidebands (see dots), which belong 
to the same particles. If the left half of both bands is related to the same group of 
particles (possible at high harmonics, otherwise chromaticity effects make it difficult to 
find such relations), one can find this frequency co"espondence for example by 
integrating an equivalent portion of the total surface in each band. In this example is 
assumed that jQ ~j < j(n ± q0 >111 (in this situation a certain group of particles gives a 
signal contribution in the same half of the two sidebands). Please note that in the case 
of% >0.5 the sidebands near to nfo belong to the (n-l+q0 )-band and to the 
(n + 1-% )-band (they are indicated by dashed lines). 
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2.1.2 BTF signals of a coasting beam 
Longitudinal BTF signals 
Assume that the excitation source (kicker magnet) is located at the azimuthal position 
cp = 0 in the ring. We define 'I' as the particle distribution, nonnalised such that 
Jv<ct>.E,t) dcp dE=1 and Jv<ro) dco=I (2.18) 
Here E is the energy deviation (related to the average energy E0 of the beam). For each 
single particle the derivative E is related to the time dependent voltage U(t) of the 
exciting signal, which is sampled once every tum [17]: 
. co e •- . '• E(t)=e - 0 U(t) o(cp)=-- U(t) Li and cp(t)=ro0 +kE (2.19) 21t 21t Ta I=--
The constant k is defined as the ratio between a change ll co 0 in the revolution 
frequency (1)0 due to the energy change E of a particle. From equation 2.3 follows (with 
2£..P = tz. · ~ ) that the constant k = llco0 / E is related to the off momentum parameter Tl I' 'l' 1110c 
by k:= -11 (1)0 I (J32y 11ZoC2 ), here J3 = v I c being the relativistic velocity factor (v=particle 
velocity, c=speed of light). For a stationary distribution of particles \jl( ct>. E, t) in the 
cp - E phase space, the continuity equation 
d'lf a . a . 
a,+ act> <ct>v>+ aE (E\v) = 0 (2.20) 
reduces to the Vlasov equation 
d'lf +(ro0 +kE)~ +e COo U(t) o(cp)d'lfa =0 dt act> 21t E (2.21) 
If U(t) = 0 , any distribution 'l'o(E) of energy is a stationary solution of equation 2.21. 
If U(t) is small, a small perturbation Vi (cp, E,t) is added to 'l'o(E) , where to first order 
d'!''+(ro +kE)d'lf'+e roo U(t)o(cp)d\jf0 =0 
dt 0 CJcp 21t dE 
(2.22) 
A solution of equation 2.22 can be written in the fonn 
\jl 1 = L \jl n (E, t) ej,,. (2.23) 
n 
10 
Schottky and BTF signals neglecting collective effects I]'\_ I 
where for each n CAvn + j n (ro +k E)'lf =--e- U(t) d\vo at 0 n 27t T.. dE 0 
(2.24) 
In terms of Fourier transforms with U(t) = U(ro) e-jO>l and "'n(E,ro) ='it n(E,ro) e-jull one 
obtains 
- (E ) · e U( ) ~ 
'l'n ,co = J -2 "' ro - ( k E) 7t "o CO n roo + 
(2.25) 
If we define A(cjl,t) = 27t J 'lf(cjl,E,t) dE, then the term eN'A.(t) corresponds to charge per 
radian. Consequently the current detected by a pick-up is 
i (co)= e N ro0 J \jl(cjl, E) dE (2.26) 
The transfer function of the beam is given by the ratio 
r.o(ro) = ~(ro) = . e Wo loe J ~ dE 
1 U(ro) 1 27t ro-n(ro0 +kE) 
(2.27) 
The beam exciting signal U(ro) is related to an external excitation signal fJ x(ro) by a 
longitudinal kicker function K1(ro). Also the pick-up response has a frequency 
dependence due to the pick-up transfer impedance ZP'(ro) . The kicker and the pick-up 
transfer functions enter in a measured BTF. They are given later for a stripline electrode 
unit. 





O • JDC 11 2 J ~ .1 1j (ro) = -J A2 z/ (1)0 uCO, 
27t .... 'Y mo '/t ro-nro, 
(2.28) 
divo 
The integral J aw, dro, is called the dispersion integral. It can be split into its 
ro -nro, 
principal value (PV) and the residue at the pole: 
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""" """ ,,.,, 
J ~ dro = PVJ ~ dro ± j !:. ~ L (1) - nro r (J) - nro r n dro m, '" r r r (2.29) 
The residue represents the real part of the transfer function and is proportional to the 
derivative of the particle distribution (figure 2.4). The real component of the current is in 
phase with the excitation voltage and therefore absorbs power. This can le~d to damping, 
called Landau damping. The sign of this tenn seems to be ambiguous. This is due to the 
fact that we did not specify the initial condition [18). In a physical experiment there will 
be no perturbed current when one starts the excitation. In this case the positive sign 
should be taken. If the beam has already a current density modulation it would be 
expressed by the negative sign. In the following we assume the first case and take the 
positive sign. 
The imaginary part of the induced current is 90° out of phase compared to the excitation 




·2000 ·1000 1000 2000 3000 
deviation from centre frequency [Hz) 







·2000 2000 3000 
devialion from cenlre frequency [Hz] 
imaginary part • bannonic 
1n·11 
centre frequency [Hz) .1o;;::::::::~---:~rl-11iiiio2a00:::==3o 
Figure 2.4: Simulated longitudinal beam transfer function of a beam with a 
Gaussian momentum distribution with 1010 protons, ( "%) ~H = 10~, ro0 = 1. 2 MHz at 
the 10th harmonic (centre frequency=l 2MHz). The real part is proportional to the 
derivative of the particle momentum distribution. Note that the phase of the BTF has 
been "wrapped" to keep its values between -7t and +7t . 
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Transverse BTF signals 
To describe the response of a coasting beam to a transverse excitation we consider the 
particles as a set of harmonic oscillators having different individual resonant frequencies 
Q;ro; . If an harmonic force acts on all the particles at a certain position in the ring tins 
results in a transverse acceleration sampled once every tum. Due to this sampling 
(described by a delta function to represent a short kicker) this acceleration 
G = force I mo"( experienced by the i-th particle can be written as [ 19, 20] 
G(t) = G(ro) ,-;.. (1•""'',_,,') (2.30) 
The tenn G(ro) e-ft.>r is given by the sinusoidal electromagnetic fields in the kicker 
magnet: 
ro e 1[£(ro,t)+vxB(ro,t)]J.ds 
G(ro) e-i"" = - 0 ---1-----------
27t 'Y moc ~ 
(2.31) 
The transverse deflection received by a moving particle is produced by field components 
that are transverse to the particle's velocity v and thus lead to a transverse component of 
the Lorentz force. The variables E and B represent the sinusoidal electric and magnetic 
fields the particle experiences in going from one. position to another position inside the 
kicker along a trajectory ds = v dt . 
They are related to the voltage 0 K ( ro) powering the electrodes of the kicker via a 
transverse kicker transfer function (see next section). 
For a more general definition of the transverse transfer function we take the integral over 
all electromagnetic fields acting on the particles along the total ring circumference. 
Each particle will undergo a forced oscillation with the frequency of excitation ro, but 
with a phase which will depend on the difference between the exciting frequency and the 
individual resonant frequency. 
The response of a single oscillator with resonant frequency Q;ro; to a harmonic excitation 
(equation 2.31) is given by the differential equation (betatron equation with driving tenn 
of equation 2.31 - the sampling tennis neglected in this simple model) 
(2.32) 
The solution has harmonics of the fonn 
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(2.33) 
and the ratio of the oscillation amplitude to the external acceleration for a single particle 
is for each value of n 
i;(Ol) 1 -1 . 
G(ro) = (Qro;)2-(ro-nro;)2 = [(n+Q)ro;-ro}(n-Q)ro; -ro] (2.34) 
The total response is the sum over all n. 
The transfer function will be large only when co is close to (n+Q;)co; (fast wave) or 
close to (n - Q;)ro; (slow wave). In practice we are only interested in the response near 
these two waves. Their frequencies correspond to the frequencies of the two Schottky 
sidebands. 
Hence for not too large n, such that the bands remain separated, it is justified to simplify 
equation 2.34 as follows: 
i;(CO) I for the fast wave with ro+ = (n + Q; )ro; and G(ro) = 2Q;ro;(ro;-ro) It 
(2.35) 
i;(ro) -1 for the slow wave with ro; =(n-Q)CO;. ---= G(ro) 2Qro;(ro; - ro) 
We take now the set of oscillators having the individual resonant frequencies ro~.i with 
the distribution 'lf(CO:) which we consider to be continuous and nonnalised to unity. We 
want to know the response of their centre of mass i.e. the dipole moment divided by the 
number of particles. 
In an accelerator this is the quantity which can be measured by position monitors. Similar 
to longitudinal BTF measurements the response function of the position monitor enters 
in a transverse BTF measurement. The transfer impedance of a stripline electrode pick-
up is given in the next section. 
The centre of mass oscillation amplitude < i(co) > is obtained by averaging the individual 
responses of the equations 2.35 weighted with the distribution 'lf(ro:) . The 
approximation Q;ro; = Q,000 leads to 
(2.36) 
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Here romin and ronu specify the frequency range near frequency bands where 'l'(ro:) is 
finite due to the slow wave (negative sign) or respectively the fast wave (plus sign). 
If the exciting frequency (J) lies inside the distribution vcro:) the integration contains a 
pole which leads to a residue and a principle value (PY) integral. 
We define the transverse beam transfer function as the ratio of the beam dipole moment 
d(ro,t)=loe<i(ro)>e-illll to the strength of the integrated_ beam exciting 
electromagnetic fields:·· 
o( ) . d(ro,t) 
rl. (J) = -1 ----------~ · f [ E(ro,t) + v x B(ro,t) Ji ds 
(2.37) 
This transfer function is of units [ml n]. In this definition the factor j was chosen, 
because we like to have a real response, if energy is absorbed (in this case the transverse 
velocity < i >= - jro t < i > and the acceleration are in phase, the dipole moment and the 
external force are out of phase). For the imaginary part the dipole moment and the 
acceleration are in phase (velocity and external force out of phase) indicating no energy 
exchange. For this reason the two parts are also called resistive and reactive (figure 2.5). 
Since the real part absorbs energy it can lead to damping of the coherent oscillation 
which is known as Landau damping. 
The factor l / ~ is introduced here in order to achieve a consistence in the feedback 
model of the longitudinal and transverse coupling impedance, which is introduced later. 
We note that the real pan of the transverse BTF (equation 2.37) is proportional to the 
distribution of betatron frequencies v<ro:) whereas in the longitudinal case it is 
proportional to the derivative of the particle distribution. 
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Figure 2.5: Simulated transverse beam transfer function of the slow wave of a beam 
with a Gaussian momentum distribution with 1010 protons, ( 'o/,) FWHH = 10-4, 
ro0 =1.2 MHz, q=0.313 and zero chromaticity at the first harmonic. The real part is 
proportional to the derivative of the particle momentum distribution. 
The transfer function of a strip line kicker and pick-up 
In this section the responses of stripline electrodes as shown in figure 2.6 are listed. Each 
of the stripline plates with its adjacent ground plane fonns a transmission line for TEM 
waves [21]. In the centre of these short lines the fields are purely transverse and 
propagating at a line velocity v L • That velocity would be the velocity of light for smooth 
two-dimensional conductors, but may be reduced by the presence of magnetic or 
dielectric media or by longitudinal variations in the cross sections of the conductors. 
Each stripline has a characteristic impedance. At the ends of the strips, longitudinal 
electric fields arise. If the striplines are tenninated by their characteristic impedance Zi 
(to avoid reflection of waves travelling along the plates) this arrangement is called loop 
coupler. 
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Figure 2.6: A stripline electrode unit used as a kicker. When each of the two lines 
formed by the plate and the chamber is terminated by its characteristic impedance this 
a"angement is called loop coupler. 
Figure 2.6 shows a sketch of a stripline electrode unit used as a kicker. The voltage to 
drive the kicker will usually be supplied at Ro = 500 impedance and must be transformed 
to ZL and divided to provide voltage UL for each line. The voltage needed is thus 
UK=Ui~2~/ZL. 
For a longitudinal kicker, a convenient dimensionless parameter is the kicker constant 
K, , which is simply the complex ratio of the change E/e in the beam particle energy (in 
volts) to the kicker input voltage UK. For a stripline unit terminated at the upstream end 
by its characteristic impedance Zi this parameter is given by 
CJ) l 
with a= (.Vv+ )()-
2 
(2.38) 
Here E(s,t) is the electrical kicker field between position s1 and s2 , v the particle 
velocity and v L the wave velocity along the stripline (v L = c for an unloaded line). The 
geometric factor g1 is for a beam on the centreline of this stripline configuration and is 
given by 
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2 I 1t W g =-tan- (sinh-) 
I 7t 2 h 
The transverse kicker constant is similarly defined to be the ratio 
~P ~ c I ](-( - ] J Zi v ~ Kl.(ro):= =- E s,t)+vxB(s,t) di= 4gl. -e- sin(0) 








Here E(s,t) and B(s,t) are the electromagnetic fields in the kicker magnet creating the 
Lorentz force that deflects the beam. 
When a stripline unit is used as a pick-up, the beam passes in the opposite sense so that 
the output terminals are upstream. The longitudinal transfer impedance for a stripline 
pick-up is defined as the ratio of pick-up output voltage to beam current and given by 
(2.41) 
The transverse transfer impedance is the ratio of pick-up output voltage to the beam 
dipole moment: 
Z'"(ro)=~R,Zi g ~e-i<~-91 sin(0)=-1·ro Ro e2;eK (ro) l. 2 l.h 2v l. (2.42) 
Note that the longitudinal transfer function of a stripline pick-up is similar to that of a 
stripline kicker, whereas the transverse pick-up transfer impedance is different from the 
transverse kicker function - the difference by the factor ro makes the transverse kicker 
function finite at very low frequencies (figure 2. 7). 
BTF measurements near to 0 = (0, 1, 2 ... )- 7t will be noise dominated due to the zero 
responses in the transfer functions given above. The variations in amplitude and phase of 
the transfer functions are small over the frequency interval of a longitudinal or transverse 
band of the beam. Therefore their effect on BTF measurements is only a constant gain 
factor and a constant phase offset, except if a number of bands have to be compared. 
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Figure 2. 7: The transfer functions of the strip line unit shown in figure 2. 6 
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2.2 Schottky and BTF signals including collective effects 
2.2.1 Causes for collective effects 
The concept of the coupling impedance is conveniently used to describe the interaction 
of the beam with its environment The beam creates electromagnetic fields that act back 
on the beam. This can lead to beam instabilities, which may be viewed as the self-





beam transfer -->~ EB ~ function r0 
beam 
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Figure 2.8: The beam transfer function is distorted by collective interaction via the 
coupling impedance, represented here by a feedback loop [ 13 ]. 
The longitudinal impedance 
The longitudinal coupling impedance is defined as [22, 23] 
I. £.(ro,s) ds 
z,, = Z<ro> = 1 (2.43) 
where the integration · follows a path around the ring circumference. Here 
£. ( ro, s) = £. (s) e-;."'01 represents the harmonic of a longitudinal electrical field at a 
frequency close to the n-th harmonic of the particle revolution frequency created by the 
beam current /(ro) =I,, e-;."'0' : 
1 £.(ro,s) = --- Z.(ro) /(ro,s) 
2rt R 
(2.44) 
For many applications Z,, In i.e. the impedance divided by the harmonic number is used. 
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The longitudinal coupling impedance has at least three main contributions. The most 
important one in the case of low energy beams comes from the space charge force. For 
an elliptical beam pipe of semi-axis b1 and b2 the space charge impedance is 
(2.45) 
with a1 and ai as the horizontal and vertical beam radius and Z0 = µ0c = 3770. 
(impedance of free space). 
Another contribution is due to the finite resistivity of the vacuum chamber. For a smooth 
beam pipe the resistive wall impedance is given by 
(2.46) 
with b as the radius of the beam pipe, <r as its conductivity ( <r = 106 (O.mr1 for stainless 
steel). 
The contribution of discontinuities of the chamber is frequently described by the 
impedance of an equivalent broad band resonator with a resonance frequency co, near 
the cut-off frequency of the vacuum chamber and a quality factor Q, in the order of 1. 
The shunt impedance R, can be adjusted to fit the measured to the calculated impedance: 
(2.47) 
The electron cooler modifies the longitudinal beam signals in the case of very strong 
cooling forces. This effect can be described by an "equivalent coupling" impedance". The 
influence on the BTF and on the longitudinal Schottky signal is complex and therefore 
described later separately. 
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The transverse impedance 
The transverse coupling impedance is defined as (24. 25] 
] . .C[E(c.o.s)+vxB(c.o.s)] ds z (c.o) - '1 .L 
J. - ~ loe x(ro) (2.48) 
where x is the transverse off set of the beam due to collective betatron oscillations. The 
field components E(c.o) e-faol and B(c.o) e-faol are created by the hannonic I x(ro) e-faol of 
the beam dipole moment Ix : 
[ - - ] j~ E(m.s)+ vx B(c.o.s) =--- Z.L (ro) I x(ro,s) 
.L 2x R 
(2.49) 
Note that the transverse "impedance" has the dimension of ['1/ m]. Similar to the 
longitudinal case the transverse coupling impedance consists of space charge. resistive 
and resonance impedances, but has also contributions from the electron cooler (ZfC) 
and the transverse feedback system (Zf8 ): 
z,,,,au =-. Zo R [-1 __ I] 
J. l ~2'Y2 a l b1 (2.50) 
(here a is the beam radius and b the radius of the beam pipe). 
Zr~•i.n =_I_ (1 + ") j!_ ~ d 
J. Jn J b3 v~ t an (2.51) 
Z reson _ 1 7 reson 2 C J. -- ._,I 
n b2 C.Oo 
(2.52) 
The effect of the electron cooler can be described by an "equivalent coupling impedance" 
[24] 
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cl/ 
Ee 1 2 7t 'Y "lo I e 
z.l =± qo 
't.l JDC C 
(2.53) 
Here t .L is the transverse cooling time constant, which is defined as the time needed to 
decrease the emittance to lie of the initial value. Note that the "cool~r impedance" in 
equation 2.53 is inversely proportional to the beam current, whereas "nonnal" 
impedances are current independent (the Lorentz force in equation 2.49 is proportional 
to the beam current, whereas the friction force in the electron cooler is independent of 
the beam current). 
The plus and minus sign in equation 2.53 stands for the fast and slow waves, i.e. for the 
frequency bands near (n ± % )ro0 • It will be shown later that the impedance in equation 
2.53 has a stabilising effect 
Active feedback systems are frequently used in particle accelerators to damp transverse 
coherent beam oscillations. The principle of a feedback system is described in chapter 5. 
111is kind of damping system is seen by the beam as an additional complex impedance, 
whose real part is different for the slow and fast waves. 111is is similar to the case of 
electron cooling and is given by: 
z[" oc: ±sin(Aµ)+ j cos(Aµ) (2.54) 
For a correctly chosen phase advance Aµ between the pick-up and the kicker magnet the 
imaginary part compensates the imaginary coupling impedance contributions. The 
satisfaction of this condition in the damper system is important for a most effective 
stabilisation. 
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2.2.2 Collective effects on BTF and Schottky signals 
Longitudinal BTF signals 
In the presence of a longitudinal coupling impedance Z. the beam transfer function 
r.0(ro) is modified by collective effects. Using the model of figure 2.8 the modified 
transfer function r."(ro) is given by [26, 4, 5] 
(2.55) 
where E 11 is called shielding function (or shielding factor or dielectric function). In the 
presence of reactive coupling impedances (£ 11 ~ 1) two peaks appear in the BTF 
amplitude (figure 2.9). One of the two waves travels forward and the other in opposite 
direction through the circulating beam. Their different strength is due to a finite resistive 
coupling impedance. One sees that the above response r."(ro) tends to infinity when 
Z. ,.0 ( ro) = -1 . This indicates that depending on the value of Z. the beam can become 
unstable. In the inverted response diagram 
I I 
--=--+z. i{ ( ro) 'ito ( ro) (2.56) 
the coupling impedance leads to a shift of the inverted response curve 1 / r." ( ro) by the 
impedance value Z11(ro ) as shown in figure 2.10. The beam is at the instability threshold 
when the curve touches the origin (r."(ro) ~ oo ). The determination of the impedance and 
of the stability limits by analysis of the beam transfer function diagram is therefore of 
great interest. 
The so-called stability diagram shows the inverted response shifted back by the negative 
impedance vector. For not too high frequencies w and negligible resistive impedances 
the st.ability curve can be approximated by a circle (called Keil-Schnell circle) as drawn in 
figure 2.10 . The stability criterion requiring that the origin remains inside the curve 
l / 1jc (ro} may then be written as It/ 1j°(W)I > IZI or: 
dp JDC Z1 
( )
2 
p fWHH > 1q ~'y "'o c;: l-;;-1 (2.57) 
Here (~)nvHH is defined as the full momentum width at half of the maximum height 
This criterion (called Keil-Schnell criterion) may also be interpreted in the following way: 
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in order to avoid self-bunching, the beam "self-buckets" (induced by the voltage Ioc · Z1) 
have to be smaller than the beam momentum spread. H the self-buckets get larger than 
the beam momentum spread Landau damping is lost. Equation 2.57 is generally used as 
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Figure 2.9: Simulated longitudinal beam transfer function of a beam in LEAR with a 
Gaussian momentum distribution with l 010 protons, { "%) FWHH = l 0-4, ro0 = 1. 2 MHz at 
the 10th harmonic (centre frequency=12MHz). The coupling impedance is 
Z/n=(50-i·l500) Q. 
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Figure 2.10: The inverted response diagram (left) and the stability diagram (right) of 
the simulated beam response shown in.figure 2.9. The inverted response curve is shifted 
by the coupling impedance vector Z In = (50-i·1500) n (see arrow). The Keil-Schnell 
circle appears as an ellipse in the stability diagram due to the different scaling of the 
real and imaginary axis. 
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The effect of the electron cooler on longitudinal BTF signals 
Electron cooling can have a two-fold effect on the longitudinal beam response [24]: 
1. The distribution is cooled to high phase space density, which is reflected in the 
above fonnalism by a sharply peaked distribution function, leading to a strong 
influence of the shielding function by virtue of equations 2.28, 2.29 and 2.55. 
2. The fluctuations and coherent instabilities are smoothed by collisions of the 
circulating particles with the electrons, which also changes the functional relation 
between distribution function and beam response. 
Taking into account the friction effect of the electron beam on the particles in equation 
2.21, one can calculate a beam response function 'ic.ec(ro), now given by 
(2.58) 
where the response 'io,ec(ro) and the shielding function e:c (ro,n, v) now depends on the 
longitudinal cooling rate v. The latter is the reciprocal of the longitudinal electron 
cooling time 't1, which is defined as the time needed to decrease the momentum spread of 
the beam to lie of the initial value. The shielding function with respect to electron 
cooling can be written as 
. (2.59) 
Here are 
~ 'Jf(CJ>) ~1 (ro,n,v)=J ' . dro, and ~2 (ro,n,v)=J . dro, . (2.60) 
ro-nro, - JV ro-nro, - JV 
The effect of the cooling is to open the stability diagram in the upper half plane, which 
permits the working point to lie outside the stability limits as defined in the absence of 
cooling (figure 2.11). With increasing cooling force the amplitude of the beam response 
decreases (figure 2.12). This shows the damping effect of the electron cooler on 
instabilities. 
The strength of these effects depends on the ratio of the cooling rate to the harmonic 
number and is negligible at high harmonic numbers. Assuming a momentum distribution 
which differs from a Gaussian distribution in such a way, that the borders are populated 
with some more particles, then the stability diagram of this beam will show an effect 
similar to that of high cooling forces, i.e. an opening of the stability curve. But this effect 
would not depend on the harmonic number. Therefore measurements at different (low) 
harmonic numbers give a tool to separate the effect due to the momentum distribution 
from cooling effects. 
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Figure 2.11: Simulation of the effect of very strong electron cooling on the 
longitudinal stability diagram of figure 2.10. The cooling rate v is a) 0 (no cooling), 
b) 10 s-1, c) 50 s-1, d) 100 s-1• 
amplitude• harmonic 1n·11 
-3000 -2000 -1000 1000 2000 3000 
deviation from centre frequency [Hz) 
Figure 2.12: The amplitude of the longitudinal BTF shown in figure (2. 9·1010 
protons, ( '%) FWHH = 10-4) is attenuated by strong electron cooling forces. The cooling 
rate v is a) 0 (no cooling), b) 10 s-1, c) 50 s-1, d) 100 s-1• It should be mentioned 
that in "real beams" the momentum distribution width depends on the cooling rate v. 
27 
[1!J THEORY OF NOISE AND TRANSFER FUNCTIONS OF COASTING BF:AMS 
Longitudinal Schottky signals 
The Schottky noise may be interpreted as signals for which the excitation source term 
U(ro) in equation 2.25 and 2.27 comes from the beam itself [28]. Beam current 
fluctuations i /IMci ( ro) due to the randomly distributed particles create an electric field and 
by that a voltage related to the coupling impedance by 
(2.61) 
The current i (ro) measured by a pick-up is the sum of beam current fluctuations and the 
collective response of the beam 
. (2.62) 
Thus the Schottky power spectrum P 0 (ro) oc l 2 (ro), which is proportional to the particle 
momentum distribution in the absence of collective effects, is deformed by the shielding 
function to 
(2.63) 
For a strong space charge impedance the deformed Schottky signal consists of two 
peaks, which are due to coherent plasma waves running forward and backward through 
the circulating beam. The distance Ml of each of the two peaks from the centre of the 
spectrum is connected to the longitudinal impedance in the case of space charge 
dominated (pure imaginary) coupling impedance by (29] 
(2.64) 
If £ 1 ( ro) is known the Schottky signal and by that the particle momentum distribution 
can be reconstructed from the deformed Schottky spectrum. Figure 2.13 shows the 
distorted spectrum for a Gaussian beam distribution and different values of E1(ro). 
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We define l>n being the J/e-width of each of the two peaks in the distorted spectrum 
and Aro being the half lie-spread in the revolution frequencies. For a Gaussian 
momentum distribution the following relation can be derived: 
l>n = (~) (~)3 exp[- ~2 2 J 
n AO> n AO> 
(2.65) 
With this equation the ('o/,,)r.vnn = -J1a1i> ·~ of a beam can be estimated from a 
Schottky spectrum, which is strongly distorted by collective effects due to high space 
charge forces (figure 2.14 ). The factor 2 /Jin (2) = 2.4 is due to the transformation of 
the half lie-width into the full momentum width (o/,)FWHH • 
power, linear scale 
-3000 -2000 -1000 1000 2000 3000 
deviation from centre frequency [Hz) 
Figure 2.13: Simulated distortion of a longitudinal Schottky spectrum of a beam in 
LEAR with a Gaussian momentum distribution with 1010 protons, ( 'o/,,) FWHH = 1 O"""", 
ro0 =1.2 MHz at the 10th harmonic (centre frequency=12MHz). The coupling 
impedance is Re{Z In}= 50 n and a) Im{Z I n}=O , b) Im{Z In}= -500 n, c) 
Im{Z/n}= -15oonand d) Im{Zln}= -3000U 
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Figure 2.14: Plot of the function 50{an,Aro,n) given in equation 2.65 with n=25 and 
an= 6kHz. A peak width of 50 = lkHz (for example) yields Aro= 120Hz (in a strongly 
distorted spectrum the distribution width is smaller than the distance of the two 
coherent waves per harmonic: Aro< an In. The second point has therefore no physical 
meaning. With ro0 = 1. 2MHz follows for LEAR that ('o/,,) FWHH = 1. 7·10-4 . 
The effect of the electron cooler on longitudinal Schottky spectra 
Taking into account the effect of the electron cooling with a cooling rate v the distortion 
of the longitudinal Schottky spectrum can be written as [24, 28] 
with 
2 2 
1 + j v roo ~2 (ro,n, v) 
pc,tc ( ro) = pO ( ro) ll----=2-"""7t----ll 
£:c,.$ (ro, n, v) 
•c.$( ) 1 • Tl loc ro~ ro2 £ 1 ro,n, v = - J ~2 %' Z ~1 (ro,n, v)+ j v - 0 ~2 (ro,n, v) 2x Y mo c • 2 x 
and with the integrals ~1,2 (ro,n, v) as already defined in equation 2.60. 
(2.66) 
(2.67) 
As in the case of the BTF amplitude the electron cooler has a damping effect on the two 
coherent peaks of a Schottky spectrum, which is distorted by high space charge forces 
(figure 2.15). For high cooling forces the relative frequency distance 4rlKl>o of the two 
coherent peaks in the deformed Schottky spectrum of a Gaussian distribution is no 
longer independent of the harmonic number n. The relative frequency distance is lowered 
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for small values of n as shown in figure 2.15. If a dependence of 4?"-0 on the harmonic 
number is detected in measured spectra it can be concluded that the effect of electron 
cooling has to be taken into account in the analysis of longitudinal beam signals [30]. 
power, linear scale 
.300 -200 -100 100 200 300 
deviation from centre frequency I harmonic number [Hz) 
Figure 2.15: Simulated distortion of a longitudinal Schottky spectrum of a beam with 
a Gaussian momentum distribution with respect to electron cooling ( beam with 1010 
protons, ( 4%) FWHH = 1 o""", O>o = 1. 2 MHz ). The coupling impedance of traces a) - d) is 
Z In= (50-i · 1500) .Q . The ratio (cooling force I harmonic number) is a) v In =0 (no 
cooling), b) v In =10 s-• , c) v In =100 s-• , d) v In =1000 s-• . Trace e) shows the 
corresponding Schottky spectrum without electron cooling and zero impedance Z. With 
increasing cooling rate per harmonic the distortion of the spectrum is removed .. 
Transverse BTF signals 
Similar to the longitudinal BTF (equation 2.55) the transverse coupling impedance given 
by the equations 2.50, 2.51 and 2.52 leads to a deformation of the transverse beam 
response given by [24] 
(2.68) 
and to a shift in the transverse stability diagram: 
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I I 
--=--+Z.L 
rf (co) rJ(co) 
(2.69) 
Near the frequency nco0 there are two bands (n ± q0 )co0 usually separated in frequency 
(for not too large values of n), namely the slow and fast wave. Therefore the transverse 
stability diagram consists of two signal contributions as seen by equation 2.35. The shift 
due to the real part of the damper impedance and to the electron cooler' is in opposite 
direction for the slow and fast waves (figure 2.16). For each wave this leads to a shift 
away from the origin, which is equivalent to a stabilising effect. Remember that in the 
transverse model the influence of the electron cooling and the feedback system can be 
included in the transverse impedance Z .1. simply by introducing both as an additional 
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Figure 2.16: Simulated transverse BTF of a beam with a Gaussian momentum 
distribution with 1010 protons, ('%)FWHH = 10-4, ro0 =1.2 MHz, q0=0.313 and zer~ 
chromaticity at the first harmonic. 
The amplitude and phase of the BTF are distorted by the machine impedance ( a) and 
b) ). The three inverted response diagrams (bottom) show the different contributions to 
this impedance: c) the coupling impedance is (1- 5 j)MO. (arrow) and leads to a shift of 
the slow and the fast wave (without damping this beam would be unstable), d) the 
electron cooler shifts the two bands in opposite directions along the real axis - a 
cooling rate of v = 80 s-1 was chosen, e) the transverse damper enhances this shift and 
(more importantly) it compensates partly the imaginary coupling impedance (arrows), 
the absolute damper impedance is 3MO. and the phase is µ = 7t / 20. This inverted 
response diagram is the one corresponding to the simulated BTF amplitude and phase 
shown above. 
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2.3 Electronic transfer functions and noise entering the 
BTF 










7 $ 7 Pfl 7 r~sponse ~ signal 
Figure 2.17: Model of noise sources and transfer functions of the excitation and pick-
up electronics. The sources skicl(ro) and sp.,(c.o) represent the kicker noise and the pick-
up and beam noise, respectively. 
Using figure 2.17 to describe the transfer function and the influence of electronic noise in 
the excitation and pick-up path, one can calculate a transfer function r;,(ro) : 
c ( T S S )-(T. ( ) Stict(c.o)J T c ) SP.,(ro) r,.,, Ttic1: • ,,., • kid• P"' c.o - lict c.o + - P" ( c.o) r ( ro + --=---U ( c.o) U(c.o) (2.70) 
If the electrical transfer functions Tiic1 (c.o) and T,,.,(c.o) are known, they can be cancelled in 
the analysis of the BTF. Usually the gain of the electronics and the electrical delay are · · 
constant in the frequency range of the excitation signal. Their influence on the measured 
BTF results only in a phase offset 
We assume that the main noise contribution in the excitation path is created before the 
connection to the kicker plates. In this case it is easy to eliminate this noise source 
Skict ( c.o) by taking back the signal that really appears .at the kicker plates as a reference 
signal for the BTF measurement 
The noise source SP11 (c.o) cannot be eliminated in an easy way. A higher signal- to noise-
ratio of the BTF measurements could be reached by a higher excitation amplitude. On 
the other hand the power given to the beam should be as small as possible. Another way 
to reduce the noise in the measurement created in the pick-up path is called time gating. 
This technique is described in chapter 4. 
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2.3.2 The Schottky noise as a noise source for BTF signals 
beam current 
density 
fluctuations I nua 
~ beam beam 
excitation 
signal 
beam transfer ~ $ ~ function r0 ~ $ -......---......._~ response " signal L~ ~ coupling _ impedance -Z -ie~~---...J 
Figure 2.18: The current density fluctuations of the beam act as an additional noise 
excitation source in BTF measurements using weak excitation signals. 
The current i (ro) detected by a pick-up does not only consist of the beam response 
signal to the beam excitation U(ro), but also of a component which is due to the 
Schottky noise of the beam. This signal is not correlated to the external excitation. In 
figure 2.18 the current density fluctuations i f/Mci ( ro) (leading to the Schottky noise 
signals) are taken into account as an additional noise excitation source. Using this model 
the pick-up signal i(ro) can be written as 
_ r 0 (ro) i (ro) 
/(ro) = U(ro)+ f/Mci 
l+Z r 0 (ro) l+Z r 0 (ro) 
(2.71) 
If the excitation signal is zero, equation 2. 71 gives the same result as equation 2.62. In 
case of finite external beam excitation the total BTF rc""(ro) with respect to coupling 
impedances and the Schottky noise is given by 
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The influence of the Schottky noise term in this equation could be decreased by a higher 
excitation strength. Similar to the noise of the pick-up path the Schottky noise can be 
partly suppressed using the time gating technique described in chapter 4. 
The total transfer function r;~ ( m) including the electronic transfer functions. the 
collective effects as well as the Schottky noise is again given by equation 2. 70 by 




3.1 Principle of data analysis 
BTF measurements were performed to determine the true particle distribution in case of 
strongly deformed spectra, to identify beam instabilities, to improve damping systems 
such as transverse feedback loops and to quantify machine parameters such as the 
machine tune, the chromaticity and the emittance and coupling impedances with higher 
accuracy. 
The general analysis method applied to BTF data obtained at LEAR and COSY is 
described below. 
Longitudinal measurement 
Longitudinal narrow band BTF measurements were performed around the harmonics of 
the revolution frequency. 
Looking at the inverted response of the BTF measurement data one observes a shift of 
the trace away from the origin, which is due to the longitudinal coupling impedance 
vector of the machine (as explained in chapter 2.2.2). A first estimation for the 
impedance vector can be extracted from knowledge about the general shape of stability 
diagrams of symmetric particle distributions: the stability curve crosses the imaginary 
axis in the bottom of the diagram. At this frequency the amplitude of the response is 
approximately 0. 7 times of the amplitude at the frequency, where the curve crosses the 
real axis in the (left and) right of the diagram (figure 3.1) (13]. 
To obtain the stability diagram of the BTF measurement the inverted response is 
therefore moved towards the origin by a shift vector that satisfies this condition. The 
shift vector is equivalent to the negative longitudinal coupling impedance vector. 
As shown in chapter 2.1.2, the true momentum distribution is proportional to the real 
part of this stability curve. To enhance the accuracy of the impedance vector, the 
momentum distribution is calculated and compared to the momentum distribution, which 
can be derived from a measured deformed Schottky spectrum (equation 2.63), using the 
same impedance vector (figure 3.2). For a correctly chosen coupling impedance vector 
both distributions are equivalent 
The impedance vector is varied, until the two momentum distributions do fit 
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imaginary part [any linear units] 
·. 




shift vector / 
(any linear units] 
. •...•••. ./inverted response 
Figure 3.1: The stability curve of a beam with a symmetric particle distribution 
crosses the real and imaginary axis, where the ratio /IR is (for all Gaussian like 
distributions) around 0. 7 [ 13 ]. From this condition the shift of the invened response of 
a BTF measurement can be estimated. 
particle density 
calculated from the destortcd 
Schottky spectrum 
deviation from centre frequency 
Figure 3.2: The stability diagram can be calculated from the invened response via 
an estimated coupling impedance vector. From the real pan of this stability trace the 
particle distribution can be obtained. In this simulation the latter is compared to the 
particle distribution calculated from a deformed Schottky spectrum. In this example 
both distributions do not fit, because the estimated impedance vector differs from the 
machine coupling impedance vector. 
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Transverse measurements 
In the transverse plane the power of the Schottky spectra is much lower than in the 
longitudinal direction. Therefore the momentum distribution calculated from a 
transverse deformed Schottky spectrum is very noisy. Comparison of the particle 
distribution calculated from a transverse BTF measurement with the one obtained from 
the deformed Schottky spectrum does (in practice) not help finding the correct coupling 
impedance vector. 
The transverse inverted response diagram consists of two traces due to the slow and the 
fast wave in the beam response. The impedance vector is estimated directly from the 
shift of the inverted response. 
The measurement of both sidebands give the possibility to determine the distance of the 
two curves, which is a measure for the real part of the damper impedance - the 
imaginary part of the damper impedance is given by the betatron phase advance between 
damper pick-up and kicker (equation 2.54). 
Once the damper impedance is calculated, the remaining shift in the stability diagram is 
assumed to be due to the transverse coupling impedance. The shift is derived from the 
geometric centre of the two traces. From the resulting transverse stability curve the 
momentum distribution can be calculated. The local tune (and by that the local 
chromaticity) can be found in a similar manner as already sketched in figure 2.3: 
it can be obtained from the transverse BTF, if the frequencies can be identified in both 
sidebands, which belong to the same particles. It is assumed that the left half of both 
bands is related to the same number of particles. The frequency correspondence is found 
by integrating an equivalent portion of the total surface in each band. 
3.2 Software 
Simulation of beam transfer functions 
Computer codes have been developed to simulate longitudinal and transverse Schottky 
and BTF measurements. The source codes exist in FORlRAN and MATHEMATICA. 
lbree main applications made them necessary: 
1. They give a powerful tool to get better understanding of the influence of machine 
parameters on beam signals (as they are observed in the control room) and to 
estimate how large the signal distortion will be at LEAR and COSY. 
2. The simulated data can be used as input for the measurement analysis software. 
The consistency of the BTF analysis can thus be verified. 
3. Data treatment like smoothing and time gating can have unwanted effects on the 
measured beam signals as described later in chapter 4. Therefore simulated data are 
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desirable to analyse the effects of such data treatment The simulation programs 
evaluate the longitudinal and transverse beam responses from equations 2.28 and 
2.37. Input parameters such as the coupling impedance, the electron cooling rate 
(longitudinal and transverse) and the damper impedance (transverse) are included 
in the detennination of the shielding function. The resulting defonned spectra 
(Schottky and BTF signals) are plotted and the data files can be treated in the same 
manner as the measured data. 
Data taking 
At LEAR a Fast Fourier Transfonner has been used for data taking. The set-up of this 
device (measurement frequency, frequency span etc.), the trigger for the measurement 
start (important for measurements on the flattops during the LEAR deceleration cycle) 
and the readout of the measurement data is done via a special BTF measurement 
software. 
At COSY a BTF measurement can be performed in two different ways: the first 
possibility is to collect the data with the BTF electronics described later in chapter 6.3. 
The alternative is to measure the B1F using a two channel vector spectrum analyser. 
For all techniques the created files contain the BTF data (transverse for both sidebands 
and longitudinally the deformed Schottky signal) and the machine parameters (energy, 
beam current etc.). 
Data treatment 
Another computer code has been developed for the data analysis. This software package 
consists of two major parts. Source codes exist in PASCAL and MA1HEMATICA. 
One routine is used for general data preparation: the measurement data (or simulated 
data) can be viewed in frequency domain and in time domain by perfonning a discrete 
Fourier transform (and its inverse). 
Overflows of single channels and electronic signal delays can be corrected. Smoothing 
may be applied in frequency domain, in time domain the time gate is specified to gate 
out non-correlated noise (see chapter 4). 
The corrected and cleaned signals are used in the second routine for the data analysis. ~ 
the case of longitudinal measurements the true momentum distribution is calculated from 
the BTF and from the deformed Schottky spectrum to find the impedance vector as 
described in the previous section, whereas for transverse measurements the impedance 
vector is directly obtained from the shift of the inverted response. 
The integral over the calculated beam distribution is normalised to the beam intensity. 
By that the absolute value of the coupling impedance vector (in units 0 or respectively 
in Olm for the transverse impedance) is found. 
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TIME GATING AS A NOISE REDUCTION TOOL 
FOR BTF l\IBASURE:MENTS 
4.1 Principle of time gating 
A problem encountered with low intensity beams is the unwanted noise on the BTF 
signal. It is in general necessary to average a certain number of measurements and to 
smooth the data in order to get a reasonable signal to noise ratio. The smoothing can be 
done e. g. by performing a least square fit to the frequency domain data. 
Contrary to this the time gating technique analyses only the information of the beam 
response that corresponds to a time interval, when the interesting information is 
expected. The response signal in time domain contains information on beam and system 
noise which can be treated separately. In other words the time gating separates the noise 
correlated with the signal from the non-correlated noise. 
The amplitude and phase data in frequency domain can be used as input data to perform 
a Fourier transformation into time domain. Looking at the real part of this complex 
Fourier transform one can determine a time range (sometimes called time gate), which 
includes the interesting information of the beam response. The width of this "interesting 
interval" is given by the damping time of the beam (the damping time corresponds to the 
time after which beam oscillations due to a pulse excitation are vanished). The response 
outside of this time gate will then mostly consist of contributions from other sources 
(noise of pickup amplifiers etc.). 
Once one has determined this time gate the inverse Fourier transform back into 
frequency domain can be performed using only the information included in the specified 
time range. The procedure is called time gating. It suppresses the signal contributions 
(mainly noise) outside the interesting time interval by weighting the data in time domain 
using a certain window function (31, 32] with a width equal to the desired time gate. 
Using these weighted data for the inverse Fourier transform one obtains a much better 
signal to noise ratio in frequency domain. 
Ideally the time gate includes all the information of the beam response and the signal 
contributions outside of this gate consist only of non-correlated noise. In this ideal 
situation the time gating procedure analyses only the information, which includes a 
special phase correlation and suppresses all non-correlated contributions. 
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4.2 Signal treatment 
Definitions: 
U(t) = digitised time trace of the excitation signal 
/(t) = digitised time trace of the measured beam response signal 
lcorr(t) = part of the beam response, which is correlated to 
the excitation signal 
l,.0 ,.c(t)= part of the beam response, which is not correlated 
to the excitation signal 
U(w) = discrete (complex) Fourier transform of U(t) [33] 
/(ro) = discrete (complex) Fourier transform of l(t) 
The fast Fourier transformer, which was used at LEAR to measure the response of the 
beam to a band-limited noise excitation, digitises the two time traces U(t) (excitation 
signal) and /(t) (pick-up signal). At COSY two alternatives exist to measure and analyse 
the BTF signals. For both band-limited noise excitation is used. In the first one the down-
mixed analogue signals are sampled in time domain - the corresponding electronics is 
installed near the pick-up in the COSY tuMel and the digitised data are read out by the 
COSY control system. In the second alternative a two-channel vector spectrum analyser 
is used in order to get the two time traces (for details see chapter 6). 
At LEAR and COSY the two data sets are then Fourier transformed into frequency 
domain and the ratio 
C,$( )- i(ro) 
rlOI CJ) - -U(ro) 
(4.1) 
is displayed as the frequency response function [34]. 
The beam response consists of a signal contribution lc0 rr(t), which is correlated to the 
exciting noise and which represents the BTF, and of non-correlated signal contributions 
l,,OllC(t), which are due to non-correlated noise. Chapter 2.3 explains which noise sources 
influence the BTF measurements (electronic noise due to amplifiers and the current 
density fluctuations inside the beam). 
The measurement data r;~(CJ>) can be transformed back into time domain by a software 
implemented inverse Fourier transform 
c • ( ) /corr (t) J,.01tc(t) r. .... t = + -:=::;...__ 
IOI U(t) U(t) (4.2) 
In time domain the correlated part of the signal represents the response of the beam to a 
pulse excitation. For a damped system this response decays rapidly, whereas the non-
correlated part is distributed over the whole time interval. 
42 
Signal treatment I JJi.. I 
It is possible to separate the two signal contributions in time domain [35, 36]. In this 
procedure signal contributions outside this time window are suppressed (this technique is 
implemented in certain network analysers and frequently used to separate and suppress 
reflection contributions from the signal of interest [32]). By applying a weighting 
function w(t) with a special shape (Hanning, Blackman Harris, flattop window etc.) one 
avoids unwanted weighting effects (sidelobes [31, 37]), which are due to discontinuities 
at the borders of the time gate. The result in time domain can be written as: 
r 1aud (t) = w(t) r:,;1 (t) (4.3) 
Usually a signal in frequency domain has to be weighted as well before transfonning it 
into time domain. This procedure can be skipped in the case of BTF signals, because the 
BTF amplitude vanishes at both borders of the frequency interval. 
4.2.1 The coherent beam response 
The application of the time gating technique allows an efficient separation of the BTF 
signal from noise. 
It has been found that a weighting function w(t) = F(t) + H(t) consisting of a 
combination of a flattop F(t) and a Hanning window H(t) is ideal for BTF measurements. 
Using !!J =Ii: - t j-T, (T,, being the centre of the weighting function, 2T, the total span 
of the flattop and TH the width of the Hanning window) the two windows are defined as 
(figure 4.1): 
{
l for !!J < 0 
F(t) = 
0 for !!J > 0 
and H(t) = {t (!+cos (n ~ )) for 0< At< T8 . (4.4) 
0 elsewhere 
The weighting function should be centred in such a way that the flattop includes the 
coherent peak. Using this special shape one can avoid unwanted weighting effects on the 
BTF, if the total width of the time gate T, +TH is large compared to the damping time 't 
of the beam response (typically 10 't, figure 4.2 and 4.3). 
Once the time interval including the correlated infonnation is established and the time 
gating is perfonned (figure 4.4), the Fourier transfonn into frequency domain leads to a 
significantly cleaner BTF signal (figure 4.5): 
(4.5) 
Using time gating, the BTF excitation strength can be decreased, measurements can be 
perfonned with beams of lower intensity, and the stability conditions of the beam can be 
detennined with high precision (figure 4.6). 
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Figure 4.1: Example for a weighting function centred at 0.15ms, with a total flattop 
span of 0.5ms and a width of 0.4ms for the Hanning window. 
4.2.2 The incoherent signal contribution 
It is also possible to suppress the correlated infonnation included in the specified time 
interval. The remaining non-correlated signal can be Fourier transfonned to analyse its 
frequency domain behaviour. The weighting function w(t) has to be centred at a time 
where all the coherent signal contribution is outside the total time gate interval (figure 
4.7). This adjustment of the time gate has to be done carefully. because the coherent 
response is usually much larger than the noise of the measurement 
The resulting spectrum after transfonning the gated time signal back into frequency 
domain consists of noise from the electronics and most importantly in the present case 
from the beam itself, divided by the amplitude of the excitation signal (figure 4.8): 
(4.6) 
The right adjustment of the time gate and high enough suppression of correlated signal 
contributions is evident in order to observe this spectrum. Satisfaction of these two 
conditions can easily be proved by a completely random (non-correlated) phase in 
frequency domain. 
If the power of the exciting signal is constant over the frequency range of the 
measurement, the noise spectrum represents the Schottky signal. that would have been 
observed without exciting the beam. 
Direct Schottky measurements are often done just before or after a BTF measurement, 
because the knowledge of both gives the possibility to calculate the coupling impedance 
and to reconstruct the true momentum distribution (38]. The comparison of the 
Schottky-like signal with the Schottky measurement is a tool to optimise the excitation 
strength of the BTF source and to check. if the cooling (electron or stochastic) of the 
beam was in an equilibrium state during both measurements (figure 4.8). 
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Figure 4.2: Longitudinal BTF r~~(ro) with a coasting beam of 1.6 109 protons at 200 
Me Vic in LEAR, ro0 = 0. 796 MHz, n = 53, (-7.)JWHH = 1.6 IO""" 
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Figure 4.3: The inverse Fourier transform of the BTF represents the beam response 
to a pulse excitation. The coherent signal has a time length of about 0.4ms=2% of the 
total Fourier interval. The maximum possible noise reduction is therefore 98%. 
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Figure 4.4: In time domain an interval can be specified, in which the coherent 
response is present. The information outside - which is due to noise - is suppressed. The 
applied weighting function is the one shown in figure 4.1. The noise reduction is about 
94% = 24dB. 
The beating in time domain is due to the two peaks in the frequency spectrum. 
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Figure 4.5: Gating in time domain and transfonning back into frequency domain 
leads to a significantly cleaner BTF. Analysis of the signal outside the time gated range 
shows that its main contribution is due to beam Schottky noise. 
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Figure 4.6: In this "stability diagram" 
the beam response of figure 4.2 (thin line) 
and figure 4.5 (thick line) is shown in the 
complex plane rather than in an amplitude 
and phase diagram. The effect of time 
gating becomes important at low particle 
numbers and low excitation strength. 
The coupling impedance vector 
determined by a BTF analysis was 
calculated to Z..=(80-3500 j)D.. 
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Figure 4. 7: The BTF measurement of figure 4.2 in time domain after removing the 
coherent signal contribution via time gating. Note that the time axis of the Fourier 
transform is plotted from 0 to +20ms instead of-10 to +JOms. 
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Figure 4.8: The signal of 
figure 4. 7 transformed back into 
frequency domain (thin curve) is 
plotted together with a Schottky 
spectrum measurement (thick 
line) performed after the 
excitation signal from the BTF 
measurement is vanished. The two 
signals fit together. This proves 
that the excitation signal did not 
modify significantly the 
momentum distribution of the 
beam. 
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4.3 Influence of time gating on beam signals 
The stability diagram of a beam with strong space charge forces is shifted far along the 
imaginary axis. The origin of the diagram is then centred at a position, where the beam 
response is weak. Unfortunately this region with its low signal to noise ratio is important 
for the detennination of the beam stability. As shown above time gating leads to a much 
cleaner signal in this region. The weighting function applied to the measurement data has 
to be centred very carefully to avoid weighting effects in the stability diagram that are not 
due to the beam response. To determine the influence of the weighting function on the 
BTF data the time gating technique has been applied to simulated data using weighting 
functions of different shapes (figure 4.9). The weighting effect of the time gating 
technique on clean simulated data is very low (figure 4.10). Figure 4.11 shows a noisy 
simulated longitudinal BTF signal in time domain. In this simulation the affecting noise 
has two contributions, one due to the electronic white noise and the other due to the 
Schottky noise. The noise has been added to the data as a "noise vector" in the complex 
plane of the beam response, also called Nyquist diagram. A random phase of the noise 
vector has been used for each measurement point. The amplitudes of the "Schottky noise 
vectors" are randomly distributed around the Schottky signal amplitude at the 
corresponding frequency. 
Using the weighting function drawn in figure 4.9 one can observe the cleaning effect of 
the time gating technique on the simulated data by comparing the corresponding stability 
diagrams (figure 4.12). Weighting functions with a different shape have been used, but as 
long as the flattop includes the peak of the coherent beam response in time domain, no 
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Figure 4.9: Time trace of a simulated 
longitudinal BTF measurement in the 
absence of noise plotted together with a 
well chosen time gate. The flattop window 
is centred at 70ms, the span is 4ms, the 







Figure 4.10: Inverted response diagram 
with the trace of the gated longitudinal 
BTF and the original data. The coupling 
impedance is Z In = (50-1500 j) n. A 
small perturbation far away from the 
centre of the response is observed. The 
important signal contribution is not 
modified by the time gating procedure. 
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Figure 4.11: Time trace of the simulated longitudinal BTF signal shown in.figure 4.9. 
Noise has been added to the BTF signal with a strength of 5% for white noise and 20% 







Figure 4.12: Inverted response diagrams of the simulated noisy BTF signal of figure 
4. 11 (left) and of the time gated BTF signal (right) using the weighting function of 
figure 4.9. The region around the origin can be observed with much higher precision 
without modifying the information of the BTF measurement. 
The time gating technique works as well for transverse BTF measurement data. 
Transverse beam signals are weaker and the signal to noise ratio is lower. Therefore the 
weighting function has a stronger influence on the measurement data. The shape of the 
weighting function is especially important and the Hanning window parameters should be 
kept large compared to the longitudinal case. Otherwise sidelobes lead to "loops" in the 
transverse inverted response diagram. Results of transverse measurements gated in time 
domain are given in chapter 7. The signals in time domain are very similar to those of 
longitudinal measurements. 
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4.4 Time gating versus other noise reduction tools 
4.4.1 Smoothing 
The time gating procedure leads to a smoothing of the data in frequency domain. This 
effect is very similar to the classical smoothing procedure. This technique averages a 
measurement point of a Qata set over a certain number of neighboured data values (called 
the smoothing aperture), which leads to a smoother data trace. 
The difference between the two techniques is that the time gate can be optimised to the 
measurement data as a kind of "filter in time domain", whereas the smoothing procedure 
cannot separate correlated from non-correlated information. The latter leads to a 
smoothing of variations in the data values, independently on the shape of the signal. This 
leads to the unwanted "flattening" of sharp signal peaks as they exist in longitudinal beam 
signals in the case of strongly cooled beams. This effect determines the limit of the 
smoothing aperture allowed. The time gating does not modify such peaks as long as they 
are correlated to the beam excitation signal. Usually the quality of BTF measurements is 
good enough using only time gating. Smoothing may be applied additionally. 
4.4.2 Averaging 
Another powerful tool for noise suppression is the averaging of several data sets, if more 
than one data set can be measured. Averaging of the transfer functions has been applied 
to the measurement data. The maximum possible number of averages depends on the 
stability of the beam, because it directly determines the total measurement time. During 
this time the beam disuibution has to be in an equilibrium. Therefore averaging is more 
difficult for beams near to an instability. In this (for BTF measurements very interesting) 
situation the time gating technique is again a very powerful tool. 
It should be mentioned that "complex averaging" has been applied to the measurement 
data (when possible): data sets (each of them represents one beam response 
measurement) are averaged in frequency domain in the complex plane. The suppression 
of noise (vectors in the complex plane with a randomly disuibuted phase) is then 
inversely proportional to the square root of the number of averages. 
The information about the excitation signal or the pick-up response signal separately is 
not included in the ratio of their Fourier Transforms (which represents the beam 
response, equation 4.1 ). If "complex averaging" is used the information about individual 
time traces of the exciting signal and the pick-up response signal is lost. Therefore the 
time domain signals shown in figures 4.3, 4.4 and 4.7 are mathematical results only and 
did never exist in reality. 
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THE MACIDNES LEAR AND COSY 
S.1 The Low Energy Antiproton Ring LEAR 
The main operation mode of the CERN Low Energy Antiproton Ring (LEAR) for 
experimental physics is as a variable momentum antiproton beam stretcher ring [39]. The 
essential features of the machine are phase space cooling to improve beam quality, ultra 
slow extraction with spill times ranging from 10 minutes to 5 hours with particle fluxes 
of 104 to 2 · 106 antiprotons/second and a variable extraction momentum from 105 
MeV/c to 2 GeV/c. 
After about 3 minutes of stochastic cooling in LEAR at the injection momentum (609 
MeV/c) the beam (a bunch of up to 5·1010 particles) is either accelerated or decelerated 
to the required ejection momentum. For ejection momenta below 609 MeV/c, further 
beam cooling is necessary to maintain the high beam quality, and to counteract the 
adiabatic emittance increase. Stochastic cooling is applied longitudinally and in the 
transverse plane. 
Below 309 MeV/c the beam is immersed in a dense cold electron beam in one of the 
straight sections of LEAR (figure 5.2). Electron cooling acts simultaneously in the 
longitudinal and transverse direction [40, 41] and much faster than stochastic cooling. 
During the deceleration cycle the beam is held on a series of fixed momentum "flattops" 
(309, 200, and 105 MeV/c) for intennediate cooling (the emittance increases during the 
deceleration). 
Once the required momentum has been reached, the stochastic extraction process is 
initiated [42]. Firstly, the beam is shaped, i.e. the longitudinal distribution is made 
rectangular by applying a longitudinal RF noise signal to the beam. After shaping, the 
machine quadrupoles and sextupoles are adjusted and drive the extraction resonance 
3 (40 , = 7 . Finally, a longitudinal RF noise signal is swept slowly into the beam, and the 
particles diffuse slowly towards the extraction resonance [43]. 
A transverse active feedback system is installed in the LEAR machine in order to damp 
transverse coherent beam oscillations and the corresponding transverse coherent beam 
instabilities [44]. The oscillations of the centre-of-charge induce a signal in an 
electrostatic pick-up. The voltage difference between two opposite pick-up plates is 
amplified and given to a feedback kicker. The gain and especially the phase of the 
feedback electronics has to be controlled carefully to secure damping of the beam 
oscillations. Ideally the phase advance Aµ of the betatron motion between the pick-up 
and the kicker is Aµ= (1/4, 3/4, 5/4 ... )· 27t (see figure 5.1). 
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sbipline unit 
ideal orbit 
coherent beam motion 
Figure 5.1: Principle of a transverse active feedback system. Here the phase advance 
of the betatron motion is ~µ = 3/ 4 · 2 x. 
The physics at LEAR investigates the strong interaction, especially the quark-gluon 
dynamics [45]. LEAR opened the domain of low energy quark dynamics. It pennits 
many applications due to the improvements on statistical precision and energy resolution 
(low momentum spread). A list of some of the LEAR experiments is given below [46]: 
Jetset: The purpose of this experiment is to investigate rare aspects of the 
antiproton-proton interaction in hitheno unexplored final states. The aim of 
the machine internal experiment is a combination of good energy resolution 
and high luminosity. In preliminary measurements over the 1 to 2 GeV/c 
momentum range the gross features of the Cl> Cl> final state have been explored 
(pp~ Cl> Cl>~ K+ K-K+ K-). Parasitically physicists search for the 
production of antihydrogen atoms (H0 = p e+). Antihydrogen is the simplest 
atomic bound state of antimatter. 
Chrystel Barrel: In the detector antiprotons are stopped in a liquid hydrogen target. 
Branching ratios for antiproton-proton annihilations at rest into two mesons 
are measured. Both charged and neutral annihilation products are detected. 
PS 185: The main focus of the collaboration is the study of exclusive antihyperon-
hyperon production in antiproton-proton collisions. This has been done 
comprehensively for the reaction p p ~A A. In recent years other channels 
like p p ~ A I 0 cc. or p p ~ 'f± I± have been included in the program. 
OBELIX: The collaboration works on the antinucleon-nucleus interaction. They 
obtained the first complete set of measurements on medium and heavy nuclei 
available in the momentum region below 300 MeV/c. 
CPLEAR: The experiment has been designed to measure CP and T violating effects in 
the neutral kaon system by observing panicle-antipanicle asymmetries. 
Penning trap: The signal from a single trapped antiproton is observed. By comparing the 
cyclotron frequency of antiprotons with the one measured with protons the 
mass ratio of both particles is derived with high precision. They have thus 
been shown to have the same inertial mass: mo.p /mo., = 1±4 .1 o-• 
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G ral hi ene mac ne parameters: 
circumference: 2xR 78.54 m 
cavitv freauencv: fu 0.4- 3.5 MHz (for b = 1) 
cavitv amplitude: URF,ll'J4}t 10 kV (for each of two cavities) 
enerl!V raDJze: E 2 - 1271 MeV 
L . l atllce ayout: 
bending magnets: number: 4 . 
deflection an2le: 90 de2rees/ma2net 
max. mametic field: 1.7 T 
quadrupoles: number: 16 
max. field 2radient: 12 Tim 
number of families 2 
sextupoles: number: 26 
max. stren2th: 5 T/m2 
number of families 6 
o · iouc parameters: 
machine tune: Qhor / Q.,.., .. 2.32 / 2.72 
betatron function: ~hor,nax 10 m 
~vu.nm 20 m 
long. acceptance: (dpj p) l'WHH.nax ... 10 10-3 
momentum a= 1/y; 
- 0.048 
compaction factor •i: 
Electron cooling parameters (electron current < 2.4 A): 
enerl?v ran2e: kinetic enerl?v <49 MeV 
momentum spread"">: (dpj p) FWHH,mill 1 10-4 
emittance··>: Ei.or and Ev..,,mill <2 7t mmmrad 
cooling time •i : 
't1on1 I t""""' = 114 s 
s h r toe asuc coo mg parameters: 
energy range: kinetic energy 5 - 1300 MeV 
frequency range: /mill . • .f nax 20- 1000 MHz 
momentum spread: (dp/ p) l'WHH 1.2 10-3 
emittance: Ei.or.mia and £v1r,mia 5- 10 7t mmmrad 
cooling time: transverse =60 s (for 109 protons) 
., at a momentum of 105 MeV/c 
··i for a beam with 109 antiprotons at a momentum of 105 MeV/c 
Table 5.1: Beam and machine parameters of LEAR 
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injection line 
horizontal stochastic cooling 
kicker, used for BTF 
----- longirudinal and vertical stochastic ~ 
cooling kicker, used for BTF ~









first cavity (CRF-41) 
pick-up of transverse feedback system 
longitudinal and horizontal 
stochastic cooling pick-ups, 




Figure 5.2: Layout of the Low Energy Antiproton Ring (LEAR). Pick-ups and 
kickers of the stochastic cooling system are used for the BTF measurements. 
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5.2 The Cooler Synchrotron COSY 
The Cooler Synchrotron (COSY) is a synchrotron and storage ring for medium energy 
physics (47]. The facility will deliver protons and light ions in a momentum range from 
275 to 3300 MeV/c. 
The Isochronous Cyclotron JULIC acts as injector for the COSY ring .. Presently a H;-
beam of about 80 Me V with a current of I ., 1 OµA is extracted toward the storage ring. 
Apart from H; also (polarised) H- and probably v- will be available in the future. 
Stripping of the currently extracted H; particles generates the proton beam, which will 
be accelerated up to 2.5 GeV. 
The COSY lattice consists of two 180° bending arcs and two straight sections. The 
focusing structure is based on a six fold symmetry. Each of the mirror symmetric half 
cells has a QF-bend-QD-bend structure. The straights, bridged by four optical triplets, 
provide free space for the internal target areas, for the RF cavity and for the phase space 
cooling devices (figure 5.3). 
The ferrite loaded, tuneable symmetric RF cavity operates at the fundamental frequency. 
According to the energy range of the COSY beam the RF frequency covers the 
frequency range from 450 kHz up to 1.6 MHz (48]. A fully digital vector controller with 
high temporal and value resolution was developed to synthesise the low level 
acceleration RF voltage wave form. Its phase angle can be controlled both externally, 
and by a beam-to-cavity phase locking loop (PLL). The· PLL consists of only digital 
components, with analogue-to-digital converters at the beam monitor and the cavity, and 
a digital-to-analogue converter for output to the amplifier chain. The phase locking range 
covers full 27t to allow programmed phase jumps during crossing the transition energy 
The electron cooler increases the beam density before acceleration to the demanded 
energies. After trapping the beam in one bucket it will be accelerated. A transverse 
stochastic cooling system is in preparation and will improve the phase space density after 
acceleration by compressing the beam in the transverse directions. 
The beam interacts with the internal targets, which are located in the other straight 
section (a third one is installed in the first bending arc), or is extracted to external target 
stations. 
The diagnostic instrumentation consists of a system which measures the orbit deviation 
during a single tum, the beam intensity and the phase relationship between the RF of the 
cavity and the beam phase [ 49). A stripline unit and a fast diagnostic kicker give a tool to 
excite the beam longitudinally and in both transverse planes. They are used for betatron 
tune measurements and to evaluate stability thresholds of the beam, for example by 
measuring the beam transfer function (BlF). 
For beam extraction to the external experiments an ultra slow extraction system with 
extraction times longer than 10 seconds is planned. 
After that the machine is prepared for a new cycle. The shortest cycle for acceleration to 
500 Me V for example will be in the order of one second. 
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There are essentially three main fields for research with COSY [50]: 
• studies on the nuclear structure and reaction mechanism as well as research on 
effective projectile-target nucleon interactions, 
• investigation of mesonic degrees of freedom (here understood on the one hand as the 
existence of virtual mesons and virtually excited nucleons in nuclei as well as the 
meson production and the real excitation of internal nucleon degrees of freedom) and 
• fundamental symmetries (CP and T symmetry) and the nucleon-nucleon interaction in 
the less explored energy range up to lGeV. 
A list of some of the COSY experiments is given below [ 51, 52, 53]: 
EDDA: This physics experiment operates during beam acceleration at the target place 
2. It is designed to measure proton-proton elastic excitation functions with 
high resolution (both angular, and in energy). It utilises the (currently 
unpolarised) COSY beam incident on both an unpolarised CH2 fiber target 
and a polarised atomic beam target. The existence of exotic dibaryon 
resonances will be investigated in the COSY energy range. Experiments with 
polarised beams are foreseen. 
TOP: The external Time-of-Flight (TOF) spectrometer will study the COSY beam 
associated strangeness production. The tracks of all prompt and delayed 
reaction products can be reconstructed and the momentum is measured by 
the time-of-flight In a first step the physicists will concentrate on the 
reaction pp-+ KA p. But also measurement of Bremsstrahlung in 
pp interaction as well as T\ meson physics belong to the program of the 
TOF callaboration. 
MOMO: The experiment focusses on near threshold meson production via the 
reactions p d-+ 3 He 1t+ 7t- and p d-+3He K+ K-. The produced mesons 
will have low energy in the centre-of-mass frame. The experiment takes 
advantage of the high quality of the cooled external COSY beam and the 
existing magnetic spectrometer called BIG KARL. 
COSY- I I: This internal experiment is installed at target place 3 for threshold production 
of mesons and mesonic states in the mass range up to 1 GeV/c2• Investigated 
reactions are for example p p -+ p p K+ K- . 
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G ral hi ene mac ne oarameters: 
circumference: 27tR 183.47 m 
cavity freouencv: Ju.mu 0.46- 1.57 MHz 
cavity amolitude: URF,llllU 5.0 kV 
kinetic enefl!v: E 40-2500 MeV 
L . atuce ayout: 
bending magnets: number: 24 . 
deflection angle: 15 degrees/magnet 
max. magnetic field: 0.13 - 1.58 T 
quadrupoles: number: 24 +32 
(arcs + straights) max.field gradient: 7.5 Tim 
number of families 6+8 
sextupoles: number: 10+ 8 
(arcs + straights) max.strength: 30 T/m2 
number of families 3+8 
o · •ouc parameters: 
machine tune: Qltor / Q.er = 3.38 / 3.38 
betatron function: ~/tor,rrax / ~•er,rrax <40 m 
long. acceptance: (dpj p) FWHH.rrax 0.5 10-3 
transition energy: 
"(I 1.9 
El r ( 1 ectron coo mJ.?. parameters e ectron current< 4A) 
momentum spread: (dp/p)FWHH.rniII < 5.10-4 
emittance: 
E11or I E•er.rniII < 111 7t mm mrad 
cooling time">: transverse 5 s 
s h li ( d k) toe asLic coo ng oarameters system un er wor 
energy range: kinetic energv: >1 GeV 
frequency range: frniil 000 frrax 1 - 1.8 I 1.8 - 3 GHz (in two bands) 
momentum spread: (dpjp)FWHH.rniII some 10-4 
emittance: E/tor,rniIJ / E,.,,rniIJ 111 7t mmmrad 
cooling time ••i: transverse 24 s 
·i expected time length to cool the emittance of 1010 protons at injection energy from 40 
to 5 7t mm mrad, 
··i expected time length to cool the emittance from 5 to 1 7t mm mrad 
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6.1 Principle of BTF measurement set-up at ·LEAR and 
COSY 
The measurement set-up at LEAR and COSY can be divided into two major parts: the 
system that generates the excitation signal at the kicker and the acquisition system that 
records the beam response signal. Generally the signals are recorded by a measurement 
device like a Network Analyser or a digital Signal Analyser. 
6.1.1 The beam excitation 
BTF measurements have been carried out at LEAR and COSY using two different kinds 
of excitation - either the sinusoidal signal of a Network Analyser, whose frequency is 
stepped over the considered frequency range or a band limited noise spectrum. 
Stepped sine versus noise excitation 
The stepped sine wave of a Network Analyser is a periodical signal - the exciting fields 
are coherent from tum to tum. In the following we call this a coherent excitation signal. 
The result is a much larger beam response than in the case of incoherent beam excitation 
with noise signals. 
The measurement time of the Network Analyser is given by its sweep time, which is 
relatively long due to the damping time of internal filters. In order to prevent 
modifications of machine parameters or the particle distribution during the measurement 
a short measurement time is preferred. 
Another effect of the Network Analyser is due to the coherent excitation signal: in case 
of longitudinal measurements a sinusoidal excitation signal represents a small bucket that 
is stepped through the energy distribution of the coasting beam. Moving this bucket from 
low to high frequencies this results in a deceleration of the circulating beam. 
Generally the strength of the excitation signal in BTF measurements is very critical and 
has to be chosen carefully to avoid blow-up and non-linear effects. 
The beam excitation can be better controlled using a noise excitation source. The beam is 
excited incoherently at the same time over the total BTF frequency range. The signals are 
recorded in time domain. Each time trace contains information about all frequency 
components leading to a shorter measurement time. 
For these reasons the noise excitation has been used at LEAR and COSY extensively, 
although some measurements were done with the sinusoidal excitation. 
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6.1.2 Measurement of the BTF signals 
At LEAR and COSY the excitation signal is detected in front of the kicker plates and 
used as a reference to avoid that the transfer function of the kicker electronics take effect 
on the BTF. 'This "true" excitation signal (as the reference signal of the BTF) and the 
signal of a beam position monitor (the beam response signal) are transferred to the BTF 
measurement device. (The location of the kickers and pick-ups used for the BTF 
measurement at LEAR and COSY are drawn in figure 5.2 and figure 5.3.) · 
The layout of the electronic in the reference path and the beam response path is 
equivalent By this the transfer functions of the electronic cancel in the BTF. The length 
of cables are matched to avoid electronic delays modifying the BTF phase. 
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6.2 BTF measurement set-up at LEAR 
Figure 6.1 shows the BTF measurement set-up at LEAR. A Fast Fourier Transformer 
(FFT device) is used to record the BTF data in time domain. The FFf works in a smaJl 
frequency range up to 100 kHz. Consequently the excitation signal of the Analysers 
internal (noise) source is mixed up to the frequency needed. 
Both the excitation signal at the kicker and the pick-up signal are mix~ down into the 
frequency range of the FFf device. The BTF measurement frequency is given by the 
frequency of a local oscillator. The set-up and the read-out of the FFT device is 
automised and controlled via software. 
Normal mixers create two sidebands in up-mixed spectra. Only one sideband of the up-
mixed noise spectrum is needed to excite the beam. Similarly the down-mixed spectrum 
of a normal mixer consists of two signal contributions that are due to two different 
sidebands in the input spectrum. 
The up- and down-mixers at LEAR are single sideband mixers (SSB mixers, also called 
image reject mixers) in order to eliminate signals that are due to the second sidebands 
[54]. The suppression of the unwanted sideband is around 25 dB for each mixer (figure 
6.2). This attenuation is sufficient, if no beam resonances are located near the badly 
suppressed carrier frequency or inside the second sideband. At LEAR the analysed beam 
resonance (even transversely) is separated from a neighboured band by at least 200 kHz. 
The FFf device transforms the down-mixed measurement data into frequency domain by 

















Figure 6.1: Measurement set-up at LEAR using a Fast Fourier Transformer as the 
BTF measurement device. 
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Figure 6.2: Frequency spectrum of the excitation signal supplied to the plates of the 
LEAR kicker. Single sideband mixers suppress the unwanted left sideband by 25 dB. 
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Figure 6.3: Frequency spectrum of the excitation signal supplied to the plates of the 
COSY kicker. Outside the phase noise region ( > 150 kHz frequency distance from 
filter) the signal attenuation is more than 60 dB. 
62 
BTF measurement set·up at COSY I JJ. I 
6.3 BTF measurement set-up at COSY 
Due to the experience with beam excitation gained at LEAR a noise signal is also used at 
COSY to excite the proton beam. Figure 6.4 shows the electronic diagram for the 
programmable noise source, which has been developed for BTF measurements at COSY 
[55]. The noise of a Zener diode is filtered at 10.7 MHz by a sharp filter of 50 kHz 
bandwidth. This narrow band signal is mixed up to 110.7 MHz and the~ mixed down to 
the frequency needed. Unwanted sidebands are suppressed by lowpass filters (figure 6.3). 
The amplified signal of the external noise source is supplied to a stripline unit. The 
excitation signal obtained at the kicker plates is taken as the reference signal for the BTF 
measurement (figure 6.5). 
The existing COSY beam position monitor (BPM) electronics [56, 57, 58] has been 
modified (figure 6.6). Similar to the BPM electronics the kicker and pick-up signals are 
first mixed up to 110. 7 MHz and then down to 10. 7 MHz. At this frequency an 
additional filter of 50 kHz bandwidth (with a signal suppression of 60 dB/octave) 
suppresses signal contributions outside the interesting frequency interval of the BTF. 
The filtered signal is then mixed down to 50 kHz. 
This signal is made available to a measurement device like a Two Channel Vector 
Spectrum Analyser or the FFT Analyser mentioned above. 
Onboard (behind an Analogue to Digital Converter) more than 64000 samples are stored 
in an internal memory (an enhancement of the internal memory had already been foreseen 
in the design of the digital BPM board). The parameters of this digitising part of the BTF 
electronics (number of samples and sampling frequency) have been adjusted to the 
requirements of the narrow band (BTF) measurements. The data are read out and their 
Fourier Transforms give the (down-mixed) reference and beam response spectra. The 
frequency spectra are then analysed off-line by software. 
The centre frequency of the excitation signal and the measurement frequency range that 
is mixed down by the two BTF electronic boards (in the reference and beam response 
path) are equivalent and determined by the modulation signal of an external oscillator. 
The frequency of this oscillator and the gain of the electronic boards are adjustable from 
the control room. 
The BTF electronic system is calibrated by measuring its system transfer function. In this 
case the reference signal at the kicker is split and used as the input signal of the reference 
and the beam response path. 
10,7 MHz 
(width=50 kHz) 
COSY conttol 100 MHz 
110,7 MHz 
(width=2 MHz) 60MHz 
Figure 6.4: The noise source for the BTF beam excitation at COSY [55]. 
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Figure 6.5: BTF measurement set-up at COSY [59). A special electronic system has 
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Figure 6.6: The analogue BPM modules (BPMeA) supply the down-mixed pick-up 
and kicker signals. The BTF electronics mix them down into the 50 kHz frequency 
range. These signals are digitised and stored in an internal memory by the extended 




As seen in chapter 2.2 the coupling impedance and the shape and width of the particle 
momentum distribution is a very important parameter for beam stability: In the following 
theoretical estimations of the relevant quantities are compared to the results from BTF 
measurements at LEAR and COSY. 
7.1 Beam stability in LEAR 
7.1.1 Theoretical estimations 
A survey of the theoretically expected values for the coupling impedance in LEAR is 
given below: 
Longitudinal coupling impedance 
The real pan of the longitudinal coupling impedance in LEAR depends mainly on broad 
band resonators in the machine, such as the residual impedance of the cavity and the 
contribution of the pick-ups and kicker from the stochastic cooling system. 
From equation 2.47 (Q, = 1 and a shunt impedance R, of some IOQ) follows a purely 
resistive impedance contribution around the resonance frequency of z;m" = R, . At 
frequencies well above the resonator frequency the real pan vanishes with 1 / n2 and the 
impedance becomes reactive: z,nson = - j · R, In, which is negligible compared to the 
space charge impedance. 
The resistive wall impedance (equation 2.46) has only a very small effect in LEAR of less 
than 1 Q . .Jn. 
The dominating impedance contribution is due to the space charge force (equation 2.45). 
The corresponding negative reactive impedance per harmonic is expected to be around a 
few ill (see table 7 .1) at low energy. 
A limit for the minimum momentum spread in LEAR can be calculated using the 
theoretical space charge impedance in the Keil-Schnell criterion (equation 2.57). Results 
are given for different energies and 1010 particles in table 7.1. A considerably smaller 
momentum spread can however been obtained, especially with electron cooling, as near 
the positive imaginary axis (below transition) the stability region is wider than the Keil-
Schnell circle. At LEAR the borders of the momentum distribution are populated with 
more particles than (for example) in a Gaussian beam distribution. This opens the tails of 
the stability curve and keeps the beam stable even in the presence of large longitudinal 
reactive impedance contributions. 
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Transverse coupling impedance 
The transverse coupling impedance contribution can be calculated in a similar manner 
using equations 2.50 to 2.52. Effects due to broad band resonators give an impedance 
contribution of less than 1 MO I m, where the resistive part decreases with l / n3 and the 
imaginary part with l / n2• 
The transverse resistive wall impedance is again negligible - space charge forces are 
dominant in the transverse plane as well. The estimated values are given in table 7 .1 . 
The transverse (purely resistive) influence of the electron cooler is negligible, the effect is 
with cooling times of some O. ls [38] of the order 10/m (equation 2.53). Therefore the 
influence of the electron cooler has been neglected in the calculations from transverse 
BlF measurements. 
momentum 200 MeV/c 309MeV/c 1.39 GeV/c 
~ 0.21 0.31 0.83 
'Y 1.02 1.05 1.79 
fo 800kHz 1.18 MHz 3.17 MHz 
zrtnn In 
I < 1 0 (1 + j) I Jn 
jz.reson I nj < R1 =some100 
Z;"oc• In -6.3jlill -4.0jKn -520i o 
(dp/ p)~ >4.4·10""" > 2.8·10 .... > 5.10-s 
z~nn < 10 KO I m (1 + j) I Jn 
jz7son' < 1 MO/m 
z7oc• - llj GO/ m -4.9j GO/ m - 236j MO/ m 
Table 7.1: Theoretical estimations for impedance contributions in LEAR, assuming 
a chamber radius of b=7cm, a beam radius of a=3mm and 1010 particles. 
7.1.2 Longitudinal measurements 
Measurement conditions and analysis procedure 
At LEAR measurements have been performed with a coasting beam in the frequency 
range up to 80 MHz, varying systematically: 
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• the number of particles, 
• the energy of the circulating particles, 
• the cooling force via the current of the electron cooler and 
• the state of the cavity (shortening the cavity gap, 
detuning the resonance frequency of the cavity etc.). 
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From a longitudinal BTF measurement and the corresponding longitudinal deformed 
Schottky spectrum the momentum distribution was reconstructed [60]. The coupling 
impedance vector has been found by varying its real and imaginary part until both 
momentum distributions did fit Figure 7 .1 shows the momentum distributions 
reconstructed from a BTF measurement and from a longitudinal Schottky spectrum 
taken directly after the beam excitation has vanished. The impedance vector has been 
used as a matching parameter to fit both curves. The momentum distribution derived 
from the BTF measurement is generally much smoother, because it- is given by the 
integrated real part of the non-distorted response (equations 2.28 and 2.29). 
The quality of the Schottky spectrum measurement and therefore of the corresponding 
momentum distribution can be enhanced using averaging and smoothing as described in 
chapter 4.4. 
The measurements have been performed using either electron cooling or stochastic 
cooling. Therefore the imaginary part of the coupling impedance is determined by the 
space charge force. The shape of the stability diagram and the relative distance Ml In of 
the two coherent peaks in the longitudinal deformed Schottky spectra did not depend on 
the harmonic number, as theoretically predicted in the case of extremely strong electron 
cooling (equation 2.59 and 2.67 and figure 2.11 and 2.15). Therefore the influence of the 
electron cooler on the longitudinal stability diagram could be neglected in the analysis of 
the longitudinal BTF measurements at LEAR. 
Measurement errors 
In some longitudinal measurements the integral over the real part of the BTF (giving the 
"BTF momentum distribution") did not decrease to zero in the border to higher 
frequencies (figure 7.1). In simulations it has been seen that noise in the BTF can create 
this effect and that it can lead to normalisation errors. Smoothing the BTF data as 
described in chapter 4.4.1 does not suppress this effect. Applying the time gating 
procedure improves the quality of the results. 
The quality of the fit of the two momentum distributions gives a measure for the error of 
the estimated impedance vector. An estimation of the error can also be derived from the 
spread of the impedance vectors calculated from several measurements with constant 
machine parameters (particle number, cooling force etc.). The spread has been measured 
to be less than 10% of the absolute value of the impedance vector. 
Several measurements have been carried out keeping the machine parameters constant in 
order to improve the accuracy of the results. 
Results from longitudinal measurements 
Figure 7 .2 and figure 7 .3 shows the real and imaginary part of the impedance vector 
calculated from measurements with antiprotons with a momentum of 309 MeV/c (at 
different frequencies with 2 ·109 antiprotons) and 200 MeV/c (different proton numbers 
at 42MHz) in LEAR. For 309 MeV/c a maximum in the coupling impedance has been 
detected around 7 MHz (see dots in figure 7.2). This effect was due to a defect in the 
short circuit of the cavity gap during the coasting beam mode of the machine. The gap 
relay has been repaired and the instability disappeared (see squares in figure 7 .2). 
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• Real part of impedance: 
For 309 Me V /c the real part of the coupling impedance (averaging measurements 
above 30 MHz) is around 
P=309MeV/c: Re{Zln}=(30±17) !l (7.1) 
The large spread in the resulting impedance vectors lead to the 50% ~rror. A similar 
value results from the measurements at 200 MeV/c: 
P = 200MeV I c: Re{Z In}= (41±26) !l (7.2) 
• Imaginary part of impedance: 
At 309 MeV/c the imaginary part of the coupling impedance is (apart from the 7 
MHz effect) constant as expected from theory in the case of a constant cooling force 
and particle number. In this situation no longitudinal instabilities have been observed. 
Above 30 MHz the imaginary part of the coupling impedance was measured to be 
P = 309MeV I c: Im{Z In}= (-2730±30) !l (7.3) 
From the measurements at 200 Me V /c follows an average reactive coupling 
impedance around 
P = 200MeV I c: Im{Z In}= (-3420±90) n (7.4) 
This is in rough agreement with the ~-1y-2 -scaling of the space charge impedance. 
• Calculation of the true particle momentum distribution: 
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The reconstructed momentum distributions had a shape similar to a Gaussian, 
populated with some more particles in the borders of the distribution (figure 7 .1 ). 
Assuming a Gaussian momentum distribution and supposing the coupling impedance 
is mainly due to space charge forces, the revolution frequency distribution width &m 
should be related to the width Ml and the distance 2&!1 of the two coherent peaks 
in the longitudinal deformed Schottky spectrum by means of equation 2.65. The 
relation can now be used to cross check the results for the momentum distribution 
width derived from the B1F measurements. 
In figure 7 .4 the latter is compared with the momentum distribution width difectly 
obtained from the corresponding deformed Schottky spectrum using equation 2.65. 
The correlation of both is linear, but the results from the Schottky spectra are about 
25% larger than the results from the B1F analysis. 
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As a rule of thumb this relation is now used in the LEAR control room to estimate 
the width of the true momentum distribution of a strongly cooled beam simply from 
the deformed Schottky spectra. 
• The momentum distribution width and the number of particles: 
The equilibrium momentum distribution is determined by intra beam scattering and 
electron cooling. The width of the equilibrium distribution should approximately vary 
with the cubic root of the number of particles [61): 
(dp) oc N~ p FWHH (7.5) 
Measurements have been carried out with 109 to nearly 1011 protons. In figure 7 .5 
and figure 7.6 the distribution width is plotted against the particle number for a 
momentum of 309 MeV/c and 200 MeV/c. Fitting equation 7.5 to the data by 
performing a least-squares fit to the logarithmic values one observes an exponent of 
(0.31±0.04) and (0.29±0.03). Averaging the results we get the following 
measured relation for LEAR: 
(dp) oc N(0.30±0.03) p FWHH (7.6) 
which is in good agreement to the expected value of 1/3. A similar value has been 
detected at the ESR at the GSI Darmstadt [62], whereas at the CRYRING in 
Stockholm an exponent of 0.212 has been observed [63, 64]. In contrast to the value 
of the average slope over all data points the local slope shows a systematic deviation 
from this value: looking in the region of low particle numbers one realises a higher 
slope, whereas a kind of saturation effect can be observed at high particle numbers. 
This is probably explained by the fact that both the intra beam scattering and the 
cooling force change in a complicated way with the beam intensity. 
During these measurements the calculated imaginary impedance reached twelve times 
the Keil-Schnell limit (equation 2.57). A corresponding stability diagram is shown in 
figure 7.7. 
The quality of the BTF measurements has been improved using the new analysis 
procedure described in chapter 4: the frequency data of the measurements are 
transformed into time domain, the incoherent signal contributions (mainly Schottky noise 
from the beam) are gated out and the data are transformed back into frequency domain. 
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• Noise in BTF measurements: 
Using the time gating procedure to suppress the coherent signals one can extract the 
noise contribution of the BTF measurement. This noisy frequency spectrum has been 
fitted to the measured deformed Schottky spectrum that was taken directly after the 
BTF excitation has vanished, by minimising the difference of both signals using the 
exponent x in the following equation as the fitting parameter: 
(7.7) 
As already shown in chapter 4 the two signals fit very precisely (figure 7.8 shows a 
distorted Schottky signal in the presence of very high space charge forces). The 
average value from similar fits for all measurements is x = ( 1. 00 ± 0.15): 
( 11TF( ))(1±0.15) = P.c( ) rno11e (.I) 0 (.I) (7.8) 
The results from the noise analysis shows that the longitudinal BTF measurements at 
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Figure 7.1: True momentum distribution reconstructed from a BTF measurement and 
from a deformed Schottky spectrum. The criterion for the co"ect impedance vector is 
that the two momentum distributions do fit. The width of the momentum distribution is 
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Figure 7.2: Measurement with 2·109 antiprotons with a momentum of 309 Me Vic in 
LEAR. the average real part of the coupling impedance calculated from BTFs 
performed at frequencies above 30 MHz is about Re{Z, In}= (30±17) Q, the average 
imaginary part is about Im{Z, In}= (-2730±30) Q (see dashed lines). A resonance is 
visible at about 7 MHz due to the imperfect short circuit of the cavity (see dots). The 
fault in the gap relais was eliminated and the instability effect around 7 MHz 
disappeared (see squares). The results marked by circles indicate unreliable 
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Figure 7.3: Measurement at 42 MHz (53. harmonic) with protons with a momentum 
of 200 Me Vic in LEAR. At this frequency the average real part of the coupling 
impedance is about Re{Z1 In}= (41±26) n, the average imaginary part is about 
Im{Z1 In}= (-3420±90) n (see dashed lines). 
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Figure 7.4: Comparison of (dp/ p)FWHH derived from a deformed Schottky power 
spectrum with the one calculated from BTF measurements with a proton beam of 310 
Me Vic and proton numbers between 109 and 8· 1010 • 
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Figure 7.5: Logarithmic plot of the (dpl p)FWHH calculated from BTF measurements 
with a proton beam of 310 Me Vic versus the number of protons. A least-squares fit to 
all data points leads to the dashed line with a slope of (0.31±0.04). At lower particle 
numbers N this value is higher.for large Nit is lower (see continuous lines). 
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Figure 7.6: Logarithmic plot of the (dp/ p)FWHH calculated from BTF measurements 
with a proton beam of 200 Me Vic versus the number of protons. A least-squares fit to 
all data points leads to the dashed line with a slope of (0.29±0.03). Again for large N 
this value is lower (see continuous lines). 
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Figure 7. 7: Longitudinal stability 
diagram of a beam with 5 · 1010 protons at 
310 MeV/c at the 25th harmonic , with 
( dp I p) FWHH = 1. 3. 10-4. 
The quality of the measurement data has 
been improved using time gating in time 
domain and smoothing in the (complex) 
frequency domain. The calculated 
impedance vector is 
Z1 In = (27 - 2600 j) n (see arrow). The 
imaginary part of the impedance is twelve 
times above the theoretical Keil-Schnell 
limit (ellipse). 
Smoothing leads to an unwanted 
''flattening" of the strong peaks in the 
response (as described in chapter 4 ), 
resulting in the two humps in the stability 
diagram (marked by dashed arrows). 
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Figure 7.8: Noise spectrum of the BTF measurement shown in figure 7.7, compared 
with a strongly distorted Schottky power spectrum measured directly after the excitation 
signal of the BTF source has vanished. A fitting to the formula of equation 7. 7 leads to 
an exponent x = 1. 00, which identifies the beam Schottky noise as the main noise source 
in longitudinal BTF measurements at LEAR. 
7.1.3 Transverse measurements 
Measurement conditions and analysis procedure 
Transverse BTF measurements have been used to estimate the impedance of the 
transverse feedback system and the impedance contribution of the transverse stochastic 
cooling system working as a broad band damper. In the calculations the remaining 
impedance contribution is assumed to be only due to the coupling impedance of the 
machine (the influence of transverse electron cooling can be neglected as seen above). 
From vertical and horizontal BTF measurements the transverse stability diagram has been 
calculated at different harmonic numbers varying: 
• the number of particles, 
• the energy of the circulating particles and 
• the damper efficiency via the gain of the stochastic cooling 
system and of the feedback system. 
The influence of the damper system has been calculated by determining the shift of the 
slow and fast wave in the stability diagram along the real axis, which gives the real part 
of the damper impedance (equation 2.54, figure 2.16). Together with the phase advance 
~µ = 4 between the pick-up and the kicker the imaginary part of the damper impedance 
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can be calculated from equation 2.54. The results for the remaining coupling impedance 
vector are shown in figure 7 .10 . 
Measurement errors 
The accuracy of the results for the transverse coupling impedance .is difficult to 
determine - the coupling impedance shift in the inverted response diagram is a very small 
effect compared to the shift due to the damper, which makes it difficult to enhance the 
precision of the measurements (for example the real part of the vertical coupling 
impedance is up to 15 times smaller than the damper impedance). Therefore a small error 
in the estimated damper impedance leads to wrong results for the coupling impedance. 
Similar to the longitudinal measurements the error for a single measurement has been 
derived from the reproducibility of the measurement results: the error of the damper 
impedance is less than l 0%, whereas the error of the transverse coupling impedance is 
up to 50% - depending on particle number and measurement frequency (due to the fact 
that the damper efficiency varies strongly with frequency, as shown later). The vertical 
coupling impedance has been quantified by averaging the results from several 
measurements. 
Results from transverse measurements 
• Real part of vertical coupling impedance: 
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For a momentum of 310 MeV/c the real part of the vertical coupling impedance was 
measured to be about 
P = 310MeV I c: Re{z • ..,,} = (4.5±0. 7) MO.Im (7.9) 
The error is due to the large error in the real part of the damper impedance. The 
latter has been calculated from the distance of the borders of the inverted response 
curves, which are very noisy because of the low particle density in this region. Time 
gating leads to a higher quality of the stability curve. 
The weighting effect on a vertical inverted response is shown in figure 7.9. The shift 
of the inverted response along the imaginary axis is due to strong electron cooling, 
which leads to high space charge forces and a large incoherent tune shift By that 
Landau damping is completely lost. Stabilisation is only reached by the transverse 
damping system. Unfortunately the windowing effects due to the time gate become 
strong in the borders of the transverse inverted response in the case of large 
incoherent tun~ shifts, which are important for the determination of the damper 
effect. 
To reduce the weighting effect on the transverse stability diagram the gate in time 
domain has to be large enough, resulting in lower noise reduction. 
The transverse impedance can be related to a corresponding longitudinal real part for 
a smooth beam chamber via the relation 
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which gives Re{Z, In}= 280 n . This estimated value is above the theoretical and 
the longitudinal measurement result given in the previous section. 
• The imaginary part of the vertical coupling impedance: 
The imaginary part of the coupling impedance has a high error for the same reason as 
explained before. The spread in the results was too large to quantify the imaginary 
part of the vertical coupling impedance. Nevertheless an average value may be given 
here: 
P=310MeV/c: Im{Z.n1}=-(2.2±1.6) MO/m (7.11) 
This result is are below the expected value for the transverse space charge impedance 
in table 7 .1. The reactive part of the coupling impedance depends strongly on the 
beam radius (equation 2.50). Both the inaccuracy in the estimated value for the beam 
dimension in table 7.1, and the simple model of the beam-chamber interaction (which 
assumes a coupling between a circular beam pipe and a constant charge distribution 
on a disk) may explain, why the formula of equation 2.50 does not describe the 
measured coupling impedance. 
The contributions due to the damper and the stochastic cooling system are discussed in 
the next section. 
In the horizontal plane it was not possible to determine the coupling impedance with high 
enough precision. The reason for that is the lower signal to noise ratio in the horizontal 
measurement system (see section about damper sensitivity). 
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Figure 7.9: Vertical invened response 
diagram of a beam with 3 · 1010 protons at 
310 MeV/c at the 65th harmonic ( =78 
MHz). The shift of the slow and fast wave 
away from the origin (along the real a.xis) 
is mainly due to the transverse damper 
and the stochastic cooling system, which 
acts as a broad band damper. The quality 
of this measurement has been improved 
using gating in time domain. The effect of 
the weighting function leads to distortion 
of the invened response curves (a kind of 
"loops", see arrows). This effect makes it 
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Figure 7.10: Results from vertical BTF measurement with 5·109 to 5·1010 protons 
with a momentum of 310 Me Vic in LEAR, the average real part of the vertical coupling 
impedance Re{ z."'} = ( 4. 5 ± 0. 7) MQ Im (see dashed line), the imaginary part shows 
a very high spread. The average value of the results is about 
Im{Z....,}=-(2.2±1.6) Mfllm. 
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7.1.4 The stochastic cooling system and the transverse feedback 
system 
Eft'ectivity of the damping systems in the vertical plane 
The pick-up of the feedback system is an electrostatic pick-up. It's frequency response is 
assumed to be constant in the range considered. The kicker of the feedback system is a 
loop coupler with a length of l .3m (see sketch in figure 2.6). The response of this kicker 
is given by equation 2.40: 
(7.12) 
where Ji is related to the kicker geometry. At this frequency the kicker has a zero in its 
transfer function and the phase of the transfer function changes by 180 degrees. 1ltis 
phase jump causes an "anti-damping" effect at frequencies above Ji . 
The stochastic cooling pick-up is a stripline electrode pick-up [65]. Its transverse transfer 
impedance is given in equation 2.42. The sensitivity sn of this pick-up is proportional to 
sn en oc !sin (7tf >I (7.13) 
where fi =450 MHz so that S11 (f) oc f in the frequency range of up to 100 MHz. The 
kicker response is equal to that of the feedback system kicker replacing J; by fi. At 
lower frequencies it is approximately constant. But in contrast to the feedback system 
one has to take into account that the transfer function T(f) of the kicker amplifier 
electronics depends linearly on the frequency, as measurements up to 100 MHz have 
shown: 
T(f) oc 1 +0.3· f /[MHz] (7.14) 
The total damper impedance consists of a linear superposition of both damping systems~ 
Using the proponionality constants Aft> and A11 the real pan of the damper impedance 
can be written as: 
G'"/ sin(nf,) G.I 
Re{Z } =A 10 /20ldBJ ' +A 10 7201d81 (1 +0.3· f /[MHz])· f /[MHz] (7 .15) 
.1. JI> f /[MHz] 11 
Different BTF measurement series in the frequency range between 5 MHz and 85 MHz 
have been carried out [66]. Each series has been perfonned using specific values for G/b 
and G11 • 
Figure 7 .11 shows the horizontal invened beam response for three different gains of the 
stochastic cooling system. The gain of the feedback system was kept constant. With 
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increasing gain the curves are shifted away from the origin of the diagram, which shows 
the stabilising effect of the stochastic cooling system. 
Figure 7 .12 shows a similar measurement in the vertical plane with varying gains for both 
systems. The response of the kicker of the active feedback system has a zero and by that 
a 180 degree phase shift at a frequency below the measurement frequency. Therefore the 
damper leads to "negative damping" at the frequency of this measurement. Consequently 
reducing the gain of the feedback system leads to more beam stability at this frequency 
(compare curves a) and c) in figure 7.12). 
Fitting the function of equation 7 .15 to the different measurement points with A lb and As, 
as the fitting parameters one can calculate the impedance contributions due to the 
feedback system and the stochastic cooling system separately. In figure 7.13 the real part 
of the total vertical damper impedance derived from the BTF measurements is plotted 
together with the fitting curve Re{ ZJ. (f) }. The best fit has been reached using fi. =30 
MHz. Averaging the results of the three measurement series one obtains for A lb and As, 
Aft> =(l.93 ± 0.10) MO.Im , An =(5.5 ± 0.5) Olm and f. ... 30 MHz. (7.16) 
The damper impedance Re{ Z J..J& } coming from the feedback system and the impedance 
contribution Re { Z J..si } due to the stochastic cooling system are shown in figure 7 .14 . 
A change of the kicker connection has been made to avoid the zero in the damper 
response within the pass band of the system. By this action the transverse beam stability 
above 30 MHz has been improved. 
Feedback kicker connection: 
500 from amplifiers 50 0 from amplifiers 
old: 
500 from amplifiers 50 0 from amplifiers 
Contribution to the vertical coupling impedance 
Comparison of the spread in the real part of the vertical coupling impedance (figure 7 .10) 
with the real part of the damper impedance (figure 7 .13) shows again that a finite damper 
impedance leads to a higher error for the transverse coupling impedance. The zero in the 
real part of the damper impedance around 40 MHz leads to more precision in the real 
part of the vertical coupling impedance. 
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Figure 7.11: Example of an horizontal inverted response diagram of a beam with 
8· 109 protons at 310 Me Vic at the 70th hannonic (= 84 MHz) with +50dB as the gain 
for the feedback system and different gains for the stochastic cooling system: 
a) +50dB, b) +70dB and c) +85dB (from inner to outer traces). Increasing the gain 
enhances the horizontal stability of the beam. 
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Figure 7.12: Vertical inverted response diagram for different gains of the feedback 
and the stochastic cooling system with 3· 1010 protons at 310 MeV/c at the 65th 
harmonic ( =78 MHz). The gains for the three measurements are: 
a) feedback system: +50 dB, stochastic cooling system: +70 dB 
b) feedback system: +50 dB, stochastic cooling system: +80 dB 
c) feedback system: +40 dB, stochastic cooling system: + 70 dB (thick lines) 
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real part of the impedance due to the 
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Figure 7.13: The real part of the vertical damper impedance has been calculated from 
vertical BTF measurements of a proton beam of 310 Me Vic for the gains G/I> =+50dB 
and G,,, = + 70dB . The line represents the fining curve using the function of equation 
7.15 with the parameters Ji = 30MHz, A/I>= 1. 93 MO. Im and A,, =5.5 0.1 m. 









Figure 7.14: Plot of the estimated real part of the transverse impedance Re{Zl../I>} due 
to the feedback system and of the real part Re{Zl..nl due to the stochastic cooling 
system, related to G/I> =+50dB and G,,=+70dB. 
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Effectivity of the feedback system in the horizontal plane 
BTF measurements have been perfonned in the horizontal plane at a momentum of 1.39 
Ge V /c. The influence of the feedback system on the horizontal beam stability has been 
detennined in order to optimise the gain and the phase of the damping system in the 
horizontal plane. Due to the low sensitivity of the horizontal measurement system (see 
next section) it was not possible to improve the system by analysing the inverted 
response diagram of the BTF measurements. Fortunately the stability of a circulating 
beam can easily be seen by the damping time of transverse oscillations to an external 
delta pulse excitation. 
The horizontal BTF measurements have been carried out using noise as the excitation 
signal. As described in chapter 4 the (purely mathematical) transfonnation of the data 
from frequency domain into time domain via an Inverse Fourier Transfonn shows the 
response of the beam due to a pulse excitation. From the slow band in time domain the 
characteristic "damping time" t has been calculated by fitting the exponential function 
(7.17) 
to the time trace around the coherent response. This e-folding damping time t 
corresponds to the time after which beam oscillations due to a pulse excitation are 
vanished. 
In a similar way the damping time has been calculated for different gains of the horizontal 
feedback system with 21. 7·109 protons at the first harmonic (figure 7.15). Increasing the 
gain of the damper enhances the damping time for horizontal oscillations and therefore 
the beam stability. 
The damping time is expected to be inversely proportional to the real part of the damper 
impedance and respectively to the gain of the damper. A linear fit of l/t to the linear 
feedback gain has been done. Extrapolation to zero gain shows that t is still positive. 
This means the feedback system is not essential for beam stability at the first harmonic. 
Figure 7 .16 shows the damping time at different harmonics for a gain of 44dB of the 
horizontal feedback system. The damping time decreases with increasing harmonic 
number following the relation 
(7.18) 
Sensitivity of the stochastic cooling system and the damper 
The total sensitivity st of the transverse feedback system depends on the betatron 
functions ~i" and ~~ at the pick-up and the kicker position in the corresponding plane 
and on the geometry of the kicker design - the geometric factor gJ. is different for both 
planes (table 7 .2). According to equation 2.40 the sensitivity of this damping system is 




From this equation follows that the LEAR feedback system is around a factor 4 more 
sensitive in the vertical plane, than in the horizontal plane. 
For the same reasons (table 7 .2) the stochastic cooling system is around a factor 7 more 
sensitive in the vertical plane. This value is decreased to a factor 4 by stronger 
amplification of the signals in the horizontal path. 
The lower sensitivity in the horizontal plane leads to a larger inaccuracy in the horizontal 
BTF measurements. This inaccuracy leads to a higher spread in the_ results of the 
measurements for the damper impedance. Therefore it was not possible to fit the fitting 
function given in equation 7.15 to the horizontal measurements. 
feedback system: horizontal: vertical: 
f3ti: lOm 18 m 
f3P"; lOm 18 m 
wl h: 1/3 1 
stochastic cooling system: horizontal: vertical: 
f3ti: 2m 16m 
W": lOm 16m 
wlh: I 1 
Table 7.2: Parameters of the feedback system and the stochastic cooling system. 
The system sensitivity depends on the betatron functions at the pick-up and kicker 
position and on the kicker geometry (width of the striplines w and plate distance h). 
lit [I/ms) 
Figure 7.15: The responses of horizontal BTF measurements with 26. 2·109 protons 
with a momentum of 1.39 GeV/c around the first harmonic have been transformed into 
time domain. A horizontal damping time 't has been calculated by fitting an 
exponential function to the response in time domain. 
A linear fit of lit to the linear gain of the feedback system leads to the following 
relation: 11 t [ms]= 0. 47 + 0. 00485 ·(linear gain). Extrapolation to zero gain gives a 
positive damping time (t(O) = 2.13 ms) indicating the beam would be stable (at this 
frequency) even in absence of any feedback. 
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Figure 7.16: Horizontal damping time at different harmonic numbers with 26.2·109 
protons with a momentum of 1.39 GeV/c, feedback gain=44dB. The continuous line 
-Yi represents a fit to t oc n 2• 
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7 .2 Beam stability in COSY 
Measurements have been carried out without the cooling and the transverse feedback 
system. In fact the electron cooler was successfully tested in 1993, but for the present 
mode of operation beam cooling is not needed. The stochastic cooling system has not yet 
been installed. 
In order to test the BTF measurement set-up and the analysis software at COSY and to 
get first results about the beam stability measurements have been carried out at injection 
energy longitudinally and in both transverse planes. 
7 .2.1 Theoretical estimations 
Longitudinal coupling impedance 
Similar to LEAR the real part of the longitudinal coupling impedance is expected to be of 
broad band resonator type. A broad band resonator (Q, • l and Rs some 100) yields 
with equation 2.47 a purely resistive impedance contribution z,n"'" "" R, around the 
resonance frequency and a reactive impedance z,m"" = - j · R, I n at frequencies well 
above the resonance frequency. 
The resistive wall impedance (using equation 2.46) is less than 3 n. Jn. 
As for LEAR the space charge force gives the dominating reactive impedance 
contribution (equation 2.45). The corresponding negative reactive impedance per 
harmonic is expected to be in the order of 1 kn (see table 7.3) at injection energy. 
The measured momentum spread in COSY is above the theoretical limit calculated from 
the Keil-Schnell criterion. Due to the experience gained at LEAR this should not be 
harmful, especially when cooling will be applied. Theoretical limits for the minimum 
momentum spread without cooling are given in table 7.3. 
Transverse coupling impedance 
The transverse coupling impedance contributions are again estimated using equations 
2.50 to 2.52. Effects due to broad band resonators are expected to cause an impedance 
contribution of less than I Mn Im (the resistive part will decrease with l / n3 and the 
imaginary part with l / n2). 
The transverse resistive wall impedance is again negligible - transverse space charge 
forces cause the dominant impedance contribution (table 7 .3). 
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momentum 269 MeV/c 700MeV/c 1.52 GeV/c 
13 0.28 0.60 0.85 
'Y 1.04 1.25 1.9 
fo 451 kHz 977 kHz 1.39 MHz 
Z''.ri.r' In < 3 '1 (1 + j) I Jn 
IZ'''°" I nl < R, •some 10 '1 
z:pac• In -1.7 j k'1 -540j n -165j n 
(dp/ p):,HH > l.4· 10-4 > 6·10-s > 2. 7.10-
5 
z~eiut < 30 kWm (1 + j) I Jn 
IZ7'°"1 < 1 M'1/m 
z;ac• -121jMWm -18jMWm - 3.9jMWm 
Table 7.3: Theoretical estimations for impedance contributions in COSY, assuming 
a chamber radius of b=7.5cm, a beam radius of a=3cm and 1010 protons. 
7 .2.2 Longitudinal measurements 
Measurement conditions 
The longitudinal signals of a COSY beam position monitor have been analysed to get a 
better feeling of the influence of the beam environment on the circulating particles. The 
BTF signals due to an external excitation have been measured using the stripline unit and 
the noise source as described in chapter 6. Also the Schottky signals were recorded in 
absence of any external excitation. 
The BTF and Schottky signals have been measured with 
• different resonance frequencies of the cavity, 
• open and shortened gap of the cavity, of the beam current transformer 
and of the Ultra Slow Extraction- (USE-) kicker [ 67], 
• analogue BTF noise excitation source and DSP noise source (Digital 
Signal Processor, developed for beam excitation during USE [68]), 
• different current settings of the quadrupoles (to vary the tune) and 
• various position and voltage of the electrostatic septum. 
Results from longitudinal measurements 
• Longitudinal Schottky signals: 
In absence of any external excitation the beam fluctuation signals should give the 
Schottky signals. The total power per band P rmr(n) should be constant (see section 
2.1.1). The band width ll.P rmr(n) increases with the hannonic number, therefore the 
maximum power density ~(n) in a single band should be inversely proportional to 
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the hannonic number: 
P,,,., (n) DC f;...,(n)"" constant, M> ,,,.,(n) DC n, pnu (n) oc l / n (7.20) 
During the tests of the measurement set-up these beam signals at COSY depend on 
the resonance frequency of the cavity (even if the amplitude of the cavity driving 
voltage is zero). A noise signal is still present at the cavity gap coming from 
amplifiers of the RF system (figure 7 .17). . 
When the resonance frequency of the RF system is stepped over the revolution 
frequency of the circulating particles, the measured total power of the first 
longitudinal band changes drastically (figure 7.18). 
Longitudinal signals have been measured for different states of the cavity. The effect 
at the first harmonic disappears in case of a shortened cavity gap (figure 7.19). 
For the detection of true (non-excited) Schottky signals it is sufficient to switch off 
the driving amplifiers. But in order to avoid that the cavity acts as a broad band 
resonator (which can lead to instabilities), a short-circuiting of the cavity gap will be 
necessary for coasting beams of higher phase space density. 
• Longitudinal BTF measurements 
Longitudinal BTF measurements have shown that the measurement set-up at COSY 
gives reliable results of low signal to noise ratio. Due to the low phase space density 
of the uncooled beam the influence of the coupling impedance is small compared to 
the amplitude of the inverted response. This is in agreement with equation 2.29: a 
Gaussian distribution 'l'o =(Aro Jif1 e-'.."',-G>o)2/~2 yields d\v0 I dro, DC Aco-2 • The 
amplitude of the inverted response of this beam would increase with ( dp/p )2. 
Nevertheless a calibration of the stability diagram is possible, if the beam intensity is 
known ("" 2 · l 010 protons at injection energy). A longitudinal stability diagram is 
shown in figure 7 .20, together with the reconstructed momentum distribution (figure 
7.21). The measured coupling impedance of around 1 k.Q is in good agreement with 
the theoretical value given in table 7.3. The loops in the stability trace are caused by a 
coupling resonance between the horizontal and vertical machine tune. This problem is 
discussed in the next section and investigated by measuring the transverse BTF. 
Gating in time domain has been applied to the longitudinal BTF data. The time for a 
BTF measurement is - with respect to averaging - less than one second. 
• BTF measurements with the cavity gap 
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As described before the noise at the cavity gap leads to a longitudinal modulation of 
the circulating beam, even if the driving voltage is zero. Longitudinal BTF 
measurements have been performed using the gap signal as the excitation (and 
reference) signal for the measurement. The beam signal detected by a pick-up is 
correlated to the noise at the cavity gap - the correlation causes the typical amplitude 
and phase of the longitudinal BTF in figure 7.23. The noise at the gap has obviously 
a very strong effect on the coasting beam. 
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• Noise in longitudinal BTF measurements 
Analysis of the longitudinal BTF data in time domain have shown, that the noise in 
BTF measurements at COSY is given by the Schottky spectra of the beam - as 
detected in measurements performed at LEAR (figure 7 .22). 
The strong effect of the gap signal on the beam makes it necessary to switch off the 
driving amplifiers of the cavity or to shorten the cavity gap in order to obtain a pure 
fluctuation signal of the beam. This requirement makes it impossible to compare the 
momentum distribution derived from the longitudinal BTF measurement with the one 
observed from a Schottky measurement, as it was done at LEAR. 
In absence of any cooling forces (negligible coupling impedance, £ 1 = 1 in equation 2.63) 
the momentum distribution is given by the Schottky power spectrum. As long as the 
longitudinal signals at COSY do not represent the (non-excited) Schottky spectra, 
longitudinal BTF measurements give the only tool to determine the correct momentum 
distribution of the beam - even for £1 ,.. 1. 
A shortening of the gap of the beam current transformer or of the ultra slow extraction 
(USE) kicker did not affect the longitudinal BTF measurements. The position and 
voltage of the electrostatic septum has been changed, but no influence on the BTF has 
been observed. 
A digital noise source containing four digital signal processors (DSP) will be used at 
COSY for the USE [68]. The signal processors generate noise sequences, which are 
stored in an internal memory and read out in tum. They provide the information to 
modulate the phase of numerical oscillators. The signal is supplied to an USE-kicker. 
The shape of the spectrum can be varied to generate the required beam distribution. To 
test the quality of the digital noise signal longitudinal BTF measurements have been 
carried out using the DSP device for beam excitation. After increasing the frequency 
resolution of the processed signal (from 25 Hz to 3 Hz) the results were equivalent to 
those using the analogue BTF noise source. 
cumot density rpecll'lllll I dB I curreot dcasity rpetV11111 I dB I Clllmll dcasity rpetVlllll (dB) 
c) a) b) 
Figure 7.17: The signal at the cavity gap shows a noise spectrum even when the 
driving voltage of the cavity is set to zero. The resonance frequency f RF is a) 450 kHz, 
b) 600 kHz and c) 800 kHz. The noise spectrum is larger at the corresponding 
frequency (see arrows), because the non-shortened cavity acts as a resonator with a 
width of around 80 kHz. The spectra have been measured without beam in COSY. If the 
driving amplifiers of the RF system are switched off, the noise spectrum is below the 
noise floor of the measurement device. 
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Figure 7.18: The total power of the beam signal at the first harmonic varies 
significantly with the cavity frequency f RF (revolution frequency / 0 = 45 lkHz ). 
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Figure 7.19: The beam signal and the maximum power density of the band at the first 
harmonic is significantly larger due to the noise signal at the cavity gap ( f RF = 600kHz, 
/ 0 = 45lkHz). If the gap is shortened, the total power per band and the (maximum 
power density • harmonic number) are nearly constant. 
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Figure 7.20: Longitudinal stability diagram of a beam with 2·1010 protons at 269 
Me Vic at the 3rd harmonic, with ( dp Ip) FWHH = 9·10-4. From the stability diagram 
follows that the coupling impedance is below the theoretical Keil-Schnell limit (ellipse). 
The loops (marked by "A", "B" and "C") come from tune resonances, as shown by 





1.0 -0.5 0.5 1.0 
deviation from centre momentum, dplp in 1/1000 
Figure 7.21: Momentum distribution reconstructed from the stability diagram of 
figure 7.20 by integrating the real part of the BTF. At the right border appears the 
effect well known from measurements at LEAR: the integral does not vanish. 
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-2 - 1 2 
deviation from centre frequency [kHz) 
Figure 7.22: The data of the longitudinal BTF measurement of figure 7.20 and 7.21 
have been transformed into time domain by an inverse Fourier Transform. The coherent 
information of the BTF has been suppressed using the time gating technique (see 
chapter 4 ). The remaining signal has been transformed back into frequency domain. 
The frequency spectrum represents the non-correlated pick-up signal contribution (here 
the beam is excited by noise at the cavity gap, which has not been shonened during this 
measurement). This signal shows the excellent signal to noise ratio of the electronics 
(electronic noise would cause a flat noise spectrum). 
0.1 
-------------'---------~ Hz 








Figure 7.23: Plot of a longitudinal BTF measurement at the first harmonic using the 
noise at the cavity gap for beam excitation. The driving voltage of the gap was set to 
zero after the resonance frequency has been tuned to f RF= 600kHz. The amplitude and 
especially the phase of the measurements prove that the beam is strongly modulated by 
the noise at the gap, if the driving amplifiers of the cavity are not switched off. 
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7 .2.3 Transverse measurements 
Measurement conditions 
Transverse BTF measurements have been carried out at COSY using the Two Channel 
Spectrum Analyser as described in chapter 6. The storage ring has been optimised for 
slow (resonant) extraction and therefore the machine tune was close to a horizontal third 
order tune resonance. 
Results from transverse measurements 
• Quality of transverse BTF measurements 
The quality of the measurements depend strongly on the strength of the quadrupoles. 
Resonances appear in both transverse sidebands (figure 7.24 and figure 7.25). The 
effect in the (n + q0 )-band is anti-symmetric to the effect in the (n + 1-% )-band, 
which is explained by the dominating chromaticity term for small n in equation 2.15. 
Gating in time domain has been used to suppress the non-correlated noise in the BTF 
measurements. 
• The transverse coupling impedance 
In contrast to LEAR the measurements at COSY are not yet affected by cooling 
mechanisms or transverse feedback systems. Therefore the shift of the invened 
response of measurements at COSY should purely consist of the coupling 
impedance. 
From horizontal BTF ·measurements with 2·1010 protons at 269 Me Vic at 
frequencies below 2 MHz an imaginary horizontal coupling impedance (which mainly 
comes from space charge) has been estimated to be around: 
Z,,0 , = -24 MD.Im · j (7 .21) 
Optimising the machine tune leads to a weaker effect of the resonances in the 
transverse measurements. If the (optimum) tune value is changed, the observed space 
charge impedance decreases . Titis is explained by the increasing effect of the tune 
resonances, which leads to a lower particle density in the horizontal phase space and 
therefore to weaker space charge forces. 
In the vertical plane the beam life time is very sensitive to the strength of the BTF 
excitation signal. To avoid beam losses and even instabilities, the excitation strength 
had to be attenuated by 30 dB compared to the horizontal measurements, resulting in 
lower signal to noise ratio. From BTF measurements at low harmonic numbers (beam 
parameters as before) a vertical space charge impedance has been discovered to be 
around: 
z.~, =-2 MD.Im ·j (7 .22) 
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• Tune and chromaticity 
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The real pan of the transverse BTF (after compensating the influence of the coupling 
impedance) is proponional to the betatron frequency distribution (equation 2.37). If 
betatron frequencies can be found in both sidebands, which belong to the same 
panicles, the corresponding revolution frequency and the local tune of these panicles 
can be calculated. The correlation between the betatron frequencies can be found by 
integrating an equivalent ponion of the betatron frequency distribution in each band 
(as explained in figure 2.3). The application of this procedure requires a frequency 
resolution of some IO Hz in the BTF measurement 
This technique has been applied to horizontal BTF measurements. The result is a 
linear tune variation only in the centre of the beam distribution, as shown in figure 
7 .26. Outside the interval IL¥/ Pl< 0. 2 · 10-3 a non-linear chromaticity contribution 
has been observed (the momentum distribution is finite for IL¥/ Pl < 1 · l 0-3, see figure 
7.21). A linear fit of the measured tune variation for a small corresponding 
momentum deviation yields an average horizontal chromaticity of 
~ = -T\. dq/df ... -4 ± 2 
"2hor 'I Q Jo (7.23) 
More BTF measurements have to be performed to reduce the high error in this result. 
It should be mentioned that this analysis technique considers only linear chromaticity 
terms. The result is in good agreement with the chromaticity calculated from 
computer codes [69]. 
The clearness of resonances in transverse BTF measurements at COSY give another 
tool to identify corresponding betatron frequencies. A resonance affects a small 
group of panicles, which make the resonance visible in both sidebands. From the 
betatron frequencies of the resonance in the (n + q0 )- and (n + 1-% )-band the local 
revolution frequency and the local tune can be determined for this group of particles. 
The procedure has been applied to the horizontal BTF data in figure 7 .24. From the 
location of the betatron frequencies that belong to three different groups of panicles 
(called "A", "B" and "C" in the two sidebands) follows: 
horizontal: f 0_... = (450.58±0.09) kHz, q,., = 0.5713±0.0003 
fo.B = ( 450. 50 ± 0. 09) kHz, q 8 = 0. 5733 ± 0. 0003 and 
fo.c =(450.42±0.09) kHz, qc =0.5769±0.0003 (7.24) 
The errors result from the error CJ / = 200 Hz in the measured location (i = A, B and 
C) of the resonance frequencies: 
CJ 
CJ =__f_J2 10
·; 2n+ 1 
and (7.25) 
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A least-squares fit to these local parameters (neglecting chromaticity tenns of higher 
order) yields a linear horizontal chromaticity of : 
(7.26) 
This result is in reasonable agreement with the chromaticity derived from the 
"integration" procedure described above. 
• Resonances 
Similar BTF measurements have been carried out in the vertical plane. A quadrupole 
current equivalent to that during the horizontal measurement of figure 7 .24 leads to 
three resonances in the vertical plane, too. The identified tunes at the resonances are: 
venical: qA = 0. 7023±0.0003 
q8 = 0. 7028±0.0003 and 
qc = 0. 7033 ± 0. 0003 (7.27) 
The reason for the resonances is seen in the tune diagram in figure 7.27: 
the measured tune values are close to a third order coupling resonance between the 
horizontal and the vertical tune: 
Qlior +2 Q..~, = 11 (7.28) 
This kind of tune resonance is driven by sextupole fields. They are visible in all 
transverse sidebands (see horizontal BTF measurement at n=2). 
The resulting instabilities affect the longitudinal BTF measurement as well. They 
belong to the three loops in the longitudinal BTF in figure 7 .20. The reconstructed 
momentum distribution is found by integration over the beam response. Therefore 
the distribution becomes flat at the corresponding momenta (figure 7.21). According 
to equation 7 .24 the three affected particle groups have a distance of !l/0 = 0.08 kHz 
in their revolution frequencies giving a relative momentum deviation of = 0. 3 9/00 • 
This value fits precisely to the momentum difference of the three groups of particles 
marked in figure 7.21. 
For a quick tune measurement the peaks of excited transverse sidebands are monitored in 
the COSY control room. A higher precision in the tune and revolution frequency 
measurement can be obtained from transverse BTF measurements. 
Usually the chromaticity is obtained at COSY from the change of the machine tune with 
the variations in the revolution frequency of the circulating beam, but this procedure can 
at present not be used at injection energy. Then BTF measurements provide the only tool 
to measure the chromaticity at this energy. 
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B amplitude, linear scale B 
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Figure 7.24: Horizontal BTF measurement with 2 ·1010 protons at 269 MeV!cfor n=l. 
Resonances lead to strong amplitude and phase variations in the (n + 1-q0 )-band (left, 
centre frequency = 644.5 kHz) and in the (n + q0 )-band (right plots, centre frequency = 
705.25 kHz). Three resonances are visible in each band, marked by 'J:\ ", "B" and "C". 






Figure 7.25: Stability diagram of the 
horizontal BTF measurement of figure 
7.24. The plot shows the signal 
contributions due to the two transverse 
sidebands after smoothing (smoothing 
aperture = 2% of frequency span). 
Resonances lead to loops in the diagram 
(see arrows). From the inverted response 
a shift along the imaginary axis has been 
observed, corresponding to an impedance 
of Z =-22.7 MO.Im -j. 
Figure 7.26: From a horizontal BTF 
measurement the local tune over the beam 
distribution has been calculated. The plot 
shows the measured tune dependency 
(continuous line). A fit with respect to a 
linear chromaticity dq/ Q = 't, · dp / p 
(dashed line) leads for this measurement 
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Figure 7.27: Tune diagram for the machine tunes of equation 7.24 and 7.26 (points). 
The tune resonance Qhor + 2 '2..~, = 11 is close to the working point of the machine and 
affects transverse and longitudinal BTF measurements. 
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Figure 7.28: Horizontal BTF measurement of the (n+I-q0 )-band at n=2 (centre 
frequency = 1.0955 MHz). The machine parameters are equivalent to those of the 
measurement at n=l in figure 7.24. The shape of the amplitude and phase variations in 
this band are similar to the measurement at n=l, which verifies that tune coupling 







8.1 Summary of LEAR results 
Compendium of LEAR measurements 
Beam transfer function (BTF) studies have been measured at LEAR using narrow band 
noise for beam excitation. The beam and excitation signals have been recorded in time 
domain, giving the frequency response via a Fourier transfonnation. 
From longitudinal measurements the longitudinal coupling impedance has been 
detennined over a wide frequency range. The measured imaginary part of the impedance 
is in the order of the space charge impedance expected from theory. The measured 
resistive impedance is small compared to the reactive one and the results are consistent 
with the value Re(Z./n) = 50 !l specified in the design of LEAR. 
In spite of the large imaginary space charge impedance (the classical Keil-Schnell limit 
has been exceeded by a factor twelve) no instabilities have been observed in the 
longitudinal plane. 
The cavity gap is short-circuited during coasting beam mode of the LEAR machine in 
order to prevent the ·cavity from acting as a broad band resonator. From BTF 
measurements around 7 MHz, a fault in the relay, which bridges the cavity gap, has been 
detected. The gap relay has been repaired. Afterwards additional BTF measurements 
have been perf onned. The results prove that the effect around 7 MHz has been 
eliminated and they verify beam stability in the longitudinal direction in the frequency 
range up to 80 MHz. 
The momentum distribution of the beam was calculated for various beam and machine 
parameters (despite the strong coherent signals which modify the Schottky spectra due 
to the electron cooling). An equilibrium width of the particle distribution can be 
calculated from a model for intra beam scattering and the electron cooling mechanism. 
The model gives a good explanation for the observed dependency of the distribution on 
the number of particles over the range of 2·109 to 1010 • Outside this interval 
discrepancies have been detected, which are probably due to the simplicity of the 
theoretical model. 
The width of the momentum distribution observed from the BTF is systematically below 
the value estimated from a measured distorted Schottky spectrum (assuming a Gaussian 
beam distribution). With the knowledge of this systematic deviation it is now possible to 
find a good approximation for the width of the true momentum distribution simply from 
the measurement of the strongly distorted Schottky signal. 
From transverse BTF measurements the effect of the transverse feedback system and the 
stochastic cooling system on the beam stability has been observed. The contributions of 
I _A_ I CONCLUSION 
the two systems to the observed transverse impedance have been successfully separated 
from the transverse coupling impedance. From their effect on the stability diagrams it 
was found that the connection of the feedback kicker had to be corrected in orde~ to 
avoid heating of the circulating beam at frequencies above 40 MHz. 
The kicker connection has been changed and the gain and the phase of the damping 
systems have been optimised. Thereby the transverse beam stability was enhanced. 
The transverse coupling impedance contributions could be separated from the effect of 
the damping and cooling systems and have been analysed in some detail. . 
Applications of the new noise reduction method 
A special noise reduction technique for BTF measurements (gating of BTF signals in 
time domain) has been developed. Analysis with simulated BTF data has shown that the 
cleaning effect of the time gating method on the signal is very beneficial. Regions in the 
inverted response diagrams, which are essential for beam stability are now observed with 
much higher precision. The optimum width and shape of the time gate has been studied. 
Suppressing the coherent part of the BTF signals made it possible to extract signal 
contributions that are due to the beam fluctuations (Schottky signals). This offers a 
powerful tool to analyse the noise contributions in BTF measurements and is used to 
control and optimise the strength of the BTF signal source. 
The time gating technique has therefore become an important part of our analysis of BTF 
measurements. 
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8.2 Summary of COSY results 
A BTF measurement set-up has been designed at COSY. The beam excitation system 
consists of a programmable noise source. For data taking the pick-up and excitation 
signals are recorded by two modified modules of the beam position monitor electronics 
of the COSY diagnostic system. The data are digitised and read by the main control 
system. This offers quick on-line data analysis in the future. 
In the low frequency region beam signals have been analysed without any external 
perturbation of the coasting beam (Schottky signals) and in the presence of external 
excitation signals (giving the BTF). 
Analysis of longitudinal beam signals have shown that the beam is excited by noise at the 
gap of the cavity, even when the amplitude of the cavity is set to zero. A longitudinal 
BTF performed with the noise at the cavity gap proves the beam density modulation due 
to the gap signal. Therefore no longitudinal Schottky signals can be observed during 
normal machine operation. 
These results show the necessity of a relay, which short-circuits the cavity gap when the 
COSY machine switches to coasting beam mode. 'This mode is used for the extraction of 
the circulating beam to the external experiments. 
The beam momentum distribution (especially its width) is an important parameter for the 
machine operators. A precise observation of the distribution is at present only possible 
via longitudinal BTF measurements. 
From longitudinal BTF results follows a space charge impedance below the Keil-Schnell 
limit, as expected in absence of beam cooling. 
Transverse BTF measurements at COSY have confirmed that the machine betatron 
working point is close to a third order tune resonance. Resonances, leading to loops in 
transverse and longitudinal stability diagrams, were found. First studies indicate that they 
can be attributed to tune resonances between fifth and eighth order. The BTF can thus 
also be used to explore the tune diagram. 
From horizontal BTF measurements a non-linear chromaticity contribution was 
observed. In the centre the chromaticity is nearly linear. The linear chromaticity is in 
good agreement with the one calculated from computer codes. The non-linear 
chromaticity contribution makes optic adjustments of the machine more difficult 
The measured horizontal and vertical coupling impedance is smaller than expected from 
theory. The discrepancy may be due to calibration errors in the presence of the 
resonances mentioned before. 
Despite of the different lattice LEAR and COSY have similar features. The short-
circuiting of the cavity gap is one of the common problems. Higher order resonances and 
chromaticity contributions of second order have also been a problem in LEAR. 
Additional sextupoles are used at LEAR to compensate such effects. 
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IAI CONCLUSION 
BTF measurements give an important tool for COSY to analyse the situation and to 
decide which actions have to be taken. 
As soon as the electron cooler and the transverse damper are included in the normal 
machine cycle, a lot of interesting effects can be studied at COSY using BTF 
measurements, such as the distortion of the beam fluctuation signals due to the cooling 
force, the influence of the coupling impedance or the damper adjustment 
The LEAR results and the first measurements at COSY demonstrate the enormous 
diagnostic potential that is expected from BTF measurements for the COSY machine. 
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momentum compaction factor 
relativistic velocity factor 
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transverse shielding factor (or dielectric function) 
relativistic mass factor 
relativistic factor at transition energy 
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betatron phase advance between pick-up and kicker due to 
their location distance ~s 
electron cooling rate, defined as the reciprocal of the 
electron cooling time 
conductivity,= I (M.Qmtl for stainless steel 
longitudinal electron cooling time 
e-folding damping time of a signal in time domain 
transverse cooling time 
angular frequency 
average angular revolution frequency 
angular revolution frequency of a single particle 
resonance frequency of an oscillator or resonator 
frequency of the slow wave or fast wave in transverse 
beam signals 
lie-spread in the revolution frequencies 
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Schottky spectrum of a strongly cooled beam 
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frequency distribution in the slow or fast wave 
beam radius 
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speed of light 
dipole moment of a single particle 
r.m.s. component of the beam dipole moment 
elementary unit charge 
energy deviation of a circulating particle 
electric or magnetic field vector 
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DC component of the beam current 
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distoned power density spectrum of a beam signal 
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q 8 non integer part of local tune 
qi 7 non integer part of single particle tune 
qo 8 non integer part of average tune 
dq 8 deviation from average tune 
Q, Qhor • Qver 8 horizontal or vertical tune 
Qi 7 single particle tune 
Qr 21 quality factor of a resonator 
0 
r II 11 longitudinal beam response neglecting collective effects 
c 
r II 24 longitudinal response with respect to collective effects 
re.cc 
II 26 longitudinal response with respect to collective effects 
including the influence of the electron cooler 
ro 
.l. 15 transverse beam response neglecting collective effects 
re 
.l. 31 transverse response with respect to collective effects 
R 20 average machine radius 
Rs 21 shunt impedance of a resonator 
Tc 43 centre of a weighting function for time gating 
TH 43 time length of a Hanning window 
Ti 5 revolution time of a single particle 
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u 10 voltage of a beam exciting signal 
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ii 13 vector of particle velocity 
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Z.i. 22 transverse coupling impedance 
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